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ABSTRACT
There is currently a great deal of interest in the possibility of modifying
photosynthetic parameters to improve photosynthesis, specifically with the aim of increasing
crop yields for food and biofuels. Photoinhibition, the reduction of photosynthetic electron
transport in the face of excess irradiance, is thought to contribute significantly to loss of
photosynthetic yield and is therefore an area of particular interest in this respect. Photoinhibition
is a function of photoprotective mechanisms acting to dissipate excess absorbed light energy, and
of photodamage to photosystem II due to the limitations of those mechanisms. The efficiency of
photosynthetic light use, i.e., both the amount of light energy absorbed and the ability to use or
dissipate it effectively, is dependent on the tailoring of the photosynthetic apparatus to the
lighting environment. Such tailoring is achieved by monitoring the redox status of the
plastoquionone pool, which serves as an indicator of photosynthetic electron transport. The
work in this dissertation seeks to produce a better mechanistic understanding of how light
intensity, as sensed by the redox state of the plastoquinone pool, signals photoprotective and
acclimative responses of the light harvesting apparatus, and particularly how these responses are
integrated with one another.
The major proteins of the light harvesting antenna, Lhc2b and its close analogues, are
suspected to be regulated at the level of protein stability by availability of pigments for protein
folding. To investigate incorporation of chlorophyll into LHC protein and thylakoid complexes,
a novel method was developed to enable specific metabolic radiolabeling of chlorophyll, which
could be monitored by autoradiography of native green gels. This methodology was then used to
probe the regulation of chlorophyll incorporation into thylakoid proteins by light intensity and
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plastoquione redox signaling. It was found that light availability and light intensity affect the
rates of chlorophyll synthesis and incorporation into LHC as well as LHC degradation. These
effects were in turn found to be dependent on reduction of the plastoquione pool. The
plastoquinone redox signal was found to be mediated by both LHC phosphorylation and PsbS
protonation, i.e., State Transitions and Non-Photochemical Quenching. Together, these
processes suggest the importance of a conformational state of the light harvesting antenna around
PSII in regulating LHC.
The work presented here further advocates the importance of a conformational state at
PSII to NPQ. To investigate photosystem organization in response to irradiance stress the effect
of high light on thylakoid complexes was scrutinized by native green gel electrophoresis. The
formation of a novel high molecular weight complex in response to high light and other changes
in light intensity is described. The complex was found to be composed mainly of PSII centers
and was named the Large Photocenter Complex (LPC). Both plastoquinone reduction and the
PsbS protein were found to be necessary for LPC formation, though state transitions were also
found to play a role in LPC kinetics. It is concluded that the LPC is part of NPQ and represents
an aggregation of PSII photocenters. This conformational change is suggested to be related to
the function of PsbS in regulating LHC turnover, thereby physically linking the processes of
State Transitions, NPQ, and long term acclimation.
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GENERAL INTRODUCTION
To harness the power of sunlight to the chemistry of biological systems all photosynthetic
organisms must play with fire. Blue light carries nearly 300 kJ/mol of energy. This is not quite
enough to do useful biochemistry on its own, since the dissociation energy for a C-C bond is
around 350 kJ/mole. Only 94 kJ/mol is needed, however, to raise ground state oxygen to its
highly reactive singlet state. A great deal of finesse is therefore required by any organism
wishing to use the abundant and powerful source of energy in sunlight to drive its biochemistry,
without simultaneously succumbing to oxidative self-destruction. Plants have successfully
accomplished this maneuver by evolving a series of mechanisms to both manage their absorption
of solar energy and to direct its use or eventual dissipation (Wilson and Huner, 2000; Eberhard et
al., 2008). These mechanisms must be sufficient to cope with drastically changing lighting
conditions, a problem which is further exacerbated by dynamic limitations on the capacity of
carbon for fixation (Barber and Andersson, 1992; Ort, 2001; Li et al., 2009). The suite of plant
photoprotective defenses overcomes these environmentally imposed vagaries by acting at various
timescales to accommodate everything from brief sun-flecks and passing clouds to drastic
seasonal variations in day length, light intensity, temperature, and water availability (Horton et
al., 2001; Murchie et al., 2005; Long et al., 2006). While these defenses are, for the most part,
fairly well characterized, exactly how they interact to contribute to acclimation under a given
circumstance is not always fully understood.
When a chlorophyll molecule in the light harvesting antenna absorbs a photon, it is raised
energetically from the ground electronic state to an excited singlet state. The chlorophyll must
2then divest itself of its extra energy to return to the ground state, and has several pathways for
doing so. The excited chlorophyll, after very rapid vibrational relaxation, can return from the 1st
excited singlet to the ground state by spontaneously emitting a red photon, which is termed
fluorescence. Fluorescence competes with photochemistry (i.e., photosynthesis) and thermal
decay to determine the eventual fate of the chlorophyll excited state. An alternative fate for the
excited singlet state is to transition via intersystem crossing to an excited triplet chlorophyll
state. Although rare, triplet state chlorophyll formation is of physiological significance, as it can
react with triplet ground state molecular oxygen to produce dangerously reactive singlet oxygen.
(Maxwell and Johnson, 2000; Muller et al., 2001)
Chlorophyll fluorescence can be a highly useful tool for monitoring photosynthetic
parameters due, as mentioned above, to the pathways by which excited chlorophyll can relax
(Muller et al., 2001; Horton and Ruban, 2005; de Bianchi et al., 2010). The amount of
fluorescence observed upon illumination can be reduced (quenched) by the successful
channeling of the excitation energy through the photocenters to do photochemical work, which is
termed photochemical quenching (PQ) of chlorophyll fluorescence. Under circumstances of
excess light or a limitation in carbon fixation the plastoquinone pool becomes over-reduced and
electrons can no longer be channeled through photosystem II. With photochemistry saturated,
the excess excitation energy can still be dissipated as heat through a mechanism of non-
photochemical quenching (NPQ) of chlorophyll fluorescence. Although the exact nature of NPQ
is not fully understood, in photosystem II it is thought to involve an energy-quenching
conformation within the light harvesting antenna and is known to require the PsbS protein and
the action of the violaxanthin/zeaxanthin cycle (Niyogi et al., 2005; Ivanov et al., 2008).
3The formation of some singlet oxygen is inevitable despite PQ and NPQ and the action of
carotenoids in quenching triplet state chlorophyll. So too, some oxidative damage to
Photosystem II occurs as an inevitable consequence of photosynthetic electron transport, even
under optimal conditions (Sundby et al., 1993). Electron transport through PSII involves charge
separation and ultimately the reduction of plastoquinone bound to the D1 protein to form
plastoquinol (with addition of two electrons and two protons). Even under “normal” operation,
D1 is frequently damaged and must be replaced, but under excess irradiance the rate of damage
exceeds the rate of repair. Photoinhibition due to photodamage of D1 is the result (Aro et al.,
1993). Just as plants have evolved complex antioxidant systems to cope with the production of
singlet oxygen, so too have they been equipped with an intricate repair cycle for replacing
damaged photocenters (Baena Gonzalez et al., 2002; Rokka et al., 2005). These damage-
mitigation systems are energetically costly. It is therefore in the plant’s interests to reduce, to the
greatest extent possible, the need for their operation.
The formation of reactive oxygen species and damage to D1 is therefore minimized in
general by the avoidance of environmental stresses that would compromise the efficient
operation of photochemistry, e.g., drought, and by building a photosynthetic apparatus that is
appropriately adapted to the light environment, i.e., the correct size light harvesting antenna and
the correct number of photosystems all in relation to one another (Pfannschmidt, 2003; Lopez-
Juez and Pyke, 2005; Fan et al., 2007; Li et al., 2009). Yet, as has been noted, the light
environment and the capacity to utilize absorbed light energy are highly variable. On short time
scales, such temporary excesses in irradiance are mitigated by two mechanisms: qE and State
Transitions, both of which can be considered part of NPQ. qE is the most rapid response and
refers to the thylakoid pH, PsbS, and violaxanthin/zeaxanthin cycle-dependent dissipation of
4excess energy as heat by photosystem II (Hartel et al., 1996; Farber and Jahns, 1998; Muller et
al., 2001; Horton and Ruban, 2005; de Bianchi et al., 2010). qE is activated virtually
instantaneously (ms time scale) and takes on the order of minutes to reach maximum levels.
State Transitions refer to the reversible movement of the major light harvesting antenna protein
(LHC) between photosystem II (PSII) and photosystem I (PSI) (Kyle et al., 1983; Staehelin and
Arntzen, 1983; Iwai et al., 2010). Movement of LHC away from PSII in the granal stacks and
association of LHC with PSI in the stroma-exposed granal margins is instigated by
phosphorylation of LHC by the STN7 thylakoid kinase (Bellafiore et al., 2005). State
Transitions are less rapid than qE, taking on the order of tens of minutes, though maximum LHC
phosphorylation levels are usually reached within 30 min of light exposure. The purpose of State
Transitions has long been thought to be the relief of reductive pressure at PSII under high light
conditions. Recent findings indicate, however, that State Transitions are likely more important
for balancing light absorption between the photosystems under moderate light (Tikannen et al.,
2006). This view is supported by the fact that LHC phosphorylation is actually inactivated under
high light conditions, leading to reassociation of LHC with PSII (Rintamaki et al., 2000). This
leaves qE as the single significant mechanism contributing to short-term photoprotection, but
LHC phosphorylation still likely plays an important role in long-term photoacclimation
responses.
When changes to the lighting environment persist for more than a single day the
photosynthetic machinery can be altered to conform to new conditions through the Long Term
Response (LTR) (Pfannschmidt, 2003; Fan et al., 2007). The LTR can involve changes to the
size of the LHC antenna as well as adjustments to the number and relative stoichiometries of the
photosystems. High light conditions reduce the size of the LHC antenna while increasing the
5number of PSII photocenters. Conversely, low light leads to an increase in the LHC antenna at
the expense of PSII photocenters. While light intensity can thereby alter the photosystem
stoichiometry, the ratio of the photocenters to one another is also be influenced by light quality.
Red light is preferentially absorbed by PSII (PSII light) while far-red light is preferentially
absorbed by PSI (PSI light). Shifts in the ratios of available light wavelengths provoke
compensatory alterations to the photosystem stoichiometries, i.e., a higher percentage of PSI
light increases the number of PSII centers, and vice versa. Although in nature changes in light
quality are normally accompanied by changes in light intensity, such as occurs as a result of
canopy shading, a distinction is usually drawn between light-intensity and light-quality induced
LTR. This is due to the fact that the two responses can be antagonistic to one another, as when
canopy shading reduces light intensity, which tends to decrease the number of PSII centers, but
also increases the percentage far-red light, which favors an increase in PSII.
The question arises as to what signaling mechanisms trigger these responses and how the
various processes of plastid and nuclear gene expression, chlorophyll and carotenoid synthesis,
and protein insertion into or removal from the thylakoids is orchestrated. Light signaling
through phytochromes and cryptochromes plays an important developmental role in regulating
gene expression during growth and chloroplast biogenesis (Lopez-Juez and Pyke, 2005).
Phytochromes and cryptochromes are also known to be responsible for the light-quality induced
LTR. Yet light signaling can not be expected to account for mediating responses to excess (or
deficient) reductive potential in the electron transport chain, since they can be instigated by
factors other than changes in light intensity or quality. In recent years it has become clear that
this role is fulfilled by sensing the redox status of the plastoquinone pool. Plastoquionone (PQ)
redox has been shown to be involved in regulating the size of the LHC antenna (Yang et al.,
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photosystem stoichiometry (Allen and Pfannschmidt, 2000). It has also recently come to light
that the STN7 kinase, which is responsible for the phosphorylation of LHC in state transitions, is
activated by reduction of plastoquinone and is necessary for the LTR (Bellafiore et. al., 2005;
Rochaix, 2007; Lemeille et al., 2009; Lemeille and Rochaix, 2010). Interestingly the PsbS
protein, which is necessary for the rapid induction of the qE component of NPQ, is activated by
protonation at low lumenal pH and so is also indirectly dependent on PQ redox through the
action of the Q cycle. PQ redox has therefore emerged as a central mediator tying together the
regulation of state transitions, NPQ, and the LTR. It should also be noted that all of the
photoadaptive mechanisms just mentioned act to affect the rate of photosynthetic electron
transport, and so can be considered to be both downstream and upstream of PQ redox. These
mechanisms are all then part of a common feedback loop and so necessarily affect both
themselves and each other.
Although it is now fairly clear that the redox state of the PQ pool is responsible for
sensing the reductive pressure experienced by the photosynthetic apparatus, it is still not clear
what mechanisms allow this signal to be interpreted to effect various acclimative outcomes. The
building of new photosystems is controlled at the level of gene expression for the proteins of the
photocenters (Pfannschmidt, 2003). The discovery that the STN7 kinase is necessary for the
LTR (Bellafiore et al., 2005)) has shed light on the previously mysterious observation that
photocenter gene expression is induced concurrently with state transitions. While the details of
the signaling pathway eventually resulting in photocenter gene expression have yet to be
described, the STN8 kinase is now also known to be involved (Bonardi et al., 2005). Presumably
7the STN7/STN8 kinase and phytochrome/cryptochrome signaling pathways interact at the
promoter level to contribute to the final expression of photocenter proteins.
Control of the size of the LHC antenna is less straightforward. Although LHC transcript
levels vary diurnally, LHC mRNA is always plentiful and its depletion via siRNA has been
shown to have virtually no effect on protein levels (Mathis and Burkey, 1989; Flachmann and
Kuhlbrandt, 1995). This confirms the conclusions of a variety of lines of inquiry which indicate
that LHC is regulated at the level of stable protein insertion into the thylakoid membranes (White
and Green, 1987; Kohorn and Yakir, 1990; Schmid, 2008). The fact that the mechanism by
which the antenna is manipulated is distinct in character from that of the photosystems reinforces
the presumption that differential control is needed. Yet how PQ redox controls LHC stability is
unknown. A likely candidate for regulation of LHC incorporation into the thylakoids is
chlorophyll metabolism. LHC stability is known to depend on the availability of both
chlorophyll a and b for stable folding, to the extent that chlorophyll b-less mutants lack LHC
(White and Green, 1987). Moreover, the 12-15 chlorophyll molecules (about half and half chl a
and chl b) bound by each LHC protein represent about half to three quarters of all the
chlorophyll in the thylakoids, depending on light intensity (Schmid, 2008). Since free
chlorophyll, like all tetrapyrroles, is extremely phototoxic it makes sense for nascent LHC
proteins to always be available to receive newly synthesized chlorophyll. This, in turn,
recommends control of chlorophyll availability for folding of LHC as a mechanism for
regulating the LHC antenna .
The question then becomes one of how PQ redox may communicate with chlorophyll
metabolism. Chlorophyll is a tetrapyrrole and so shares part of its biosynthetic pathway with
hemes and cytochromes, although chlorophyll accounts for about 80% of total tetrapyrroles in
8plants (Schmid, 2008). It is important to note that all of the cyclic intermediates in the
tetrapyrrole pathway, as well as the final products of the pathway themselves, are phototoxic and
can not be allowed to accumulate in excess. There is also no known pathway for returning
tetrapyrrole intermediates to the general carbon pool. The commitment of resources to the
pathway is therefore also necessarily an irrevocable commitment to its completion. For all living
organisms the first committed intermediate in tetrapyrrole synthesis is d-aminolevulinic acid.
While tetrapyrrole biosynthesis in bacteria and animals begins with glycine and succinyl coA
(Shemin, 1989; Hunter and Ferreira, 2009), the synthesis of aminolevulinate (Amlv) in plants
begins with glutamate via glutamyl t-RNA (Klein et al., 1975). Although the chlorophyll
synthesis pathway is long and complex, it is thought to be regulated mainly at three points, the
first of which is the synthesis of Amlv by Glutamate Semialdehyde Aminotransferase (GSA).
The other two are at Magnesium Chelatase (MgCh), the branch point in the tetrapyrrole pathway
that specifies chlorophyll synthesis by inserting magnesium into the porphyrin ring, and
Protochlorophyllide Oxidoreductase (POR), a step at the end of the pathway which in higher
plants requires light (Thomas, 1997; Vavilin and Vermaas, 2002; Moulin and Smith, 2005;
Tanaka and Tanaka, 2007).
The catalytic need of light by POR to drive the initial photochemical step in the reaction
ensures that chlorophyll synthesis can not be completed without light, presumably both because
chlorophyll synthesis in the dark would be unwanted and because the signals necessary for
coordinating the fate of the newly synthesized chlorophyll with other processes would be
lacking. The rapid accumulation of protochlorophyllide after POR is shut down in the dark is
also thought to behave as a feedback mechanism to inactivate the entire pathway by repressing
9GSA activity (Richter et al., 2010). Beyond this, POR is not believed to serve any other
regulatory functions.
Both GSA and MgCh, on the other hand, are known to be regulated by a variety of
factors. GSA is responsible for controlling the gross allocation of resources to the tetrapyrrole
biosynthetic pathway, while the differential activity of MgCh versus ferrochelatase determines
the ratio of chlorophyll to heme synthesis, which results from that allocation. MgCh is therefore
a natural point at which to exert specific regulatory control of chlorophyll synthesis. The
tetrapyrrole intermediates before and after MgCh, protoporphyrin IX and Mg protoporphyrin IX,
respectively, are believed to be important pathway indicators, signaling its status to other
functions and compartments in the cell (Larkin et al., 2003). Mg protoporphyrin IX, in particular,
has been suspected to be the molecule responsible for plastid to nucleus retrograde signaling.
This suspicion arose from the GUN (Genomes UNncoupled) series of mutants defective in
coordination of nuclear gene regulation and plastid development, which have turned out to be
MgCh subunit mutants (Larkin et al., 2003).
While MgCh therefore makes an obviously tempting subject for studying control of
chlorophyll synthesis, its regulation is both complicated and already the subject of much
scrutiny. Rather than attempt to determine the contribution of a single enzyme like MgCh to the
regulation of the photosystems, the work presented in this dissertation will instead attempt to
connect the overall coordination of the photosystems with the light and electron transport signals
governing it. In particular, this work endeavors to explain how the redox state of the
plastoquinone pool mediates availability of chlorophyll to produce the acclimative responses of
the light harvesting antenna. In so doing it is also hoped that insight can be gained about the
mechanisms integrating photoprotection and photosynthetic acclimation across timescales, from
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NPQ to State Transitions to the Long Term Response. This task will be accomplished with the
application of a novel combination of tools, i.e., specific chlorophyll radiolabeling and native
green gel electrophoresis, that has previously seen only very limited use. Chapter 2 describes the
development of a bulk biosynthesis for 14C aminolevulinate, the metabolic precursor necessary
for specific chlorophyll radiolabeling. Chapter 3 goes on to describe the use of this tool to
examine chlorophyll integration into LHC and LHC turnover. In chapter 4 the discovery of a
novel thylakoid complex related to the activity of NPQ is reported.
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CHAPTER 2
14C AMINOLEVULINATE SYNTHESIS
Introduction
Much of our knowledge of the assembly and regulation of the photosystems comes from
studying the abundance of the particular proteins of which they are comprised. In conjunction
with gene expression data for those proteins, as well as turnover rates determined by metabolic
radiolabeling with 35S, a fairly complete picture already exists for understanding how the
machinery of the light reactions is built, maintained, and ultimately disassembled and
cannibalized (Aro et al., 1993; Baena-Gonzalez and Aro, 2002; Rokka et al., 2005; Sundby et al.,
1993). Similarly, our knowledge of chlorophyll metabolism has been derived from studying the
abundance of chlorophyll metabolites, as well as from the elucidation of the chlorophyll
synthesis and degradation pathways (Hortensteiner, 2006; Thomas, 1997; Tanaka and Tanaka,
2007; Vavilin and Vermaas, 2002). Yet still relatively little is known about the turnover of
chlorophyll under steady state conditions, or about the factors governing the incorporation of
chlorophyll into its binding proteins.
The problem of studying both chlorophyll turnover and the regulation of chlorophyll
binding proteins is that, while they are intimately related, one tells us little about the other. It is,
in other words, difficult to simultaneously ascertain the extent to which chlorophyll is being
synthesized or degraded as well as into which protein the chlorophyll is being inserted or from
which protein it is being removed. Similarly, determining the rate of turnover of a given
chlorophyll binding protein, e.g., LHC, provides little insight into how chlorophyll metabolism is
managed to account for that turnover. A tool possibly providing the capability to address this
shortcoming is specific metabolic radiolabeling of chlorophyll.
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Metabolic incorporation of radioisotope markers into proteins, nucleic acids, and other
biological molecules has been a standard part of the biochemical toolkit since the advent of the
nuclear era. Radiolabeling allows an otherwise undetectable cohort of biological molecules to be
followed, making it possible to determine rates of synthesis and degradation, as well as to
resolve spatial issues of transport and compartmentation. Generally, in order to make use of
radiolabeling techniques, confidence is required that the signal detected reflects only
radioisotope incorporation into the molecules of interest. This entails either that the molecules of
interest be sufficiently separated from potential background sources of isotope incorporation, or
that the incorporation itself is sufficiently specific that no such confounding labeling results. For
proteins or nucleic acids these requirements are easily met, as sample preparation and
electrophoresis provide the necessary separation from background.
In the case of a small molecule cofactor such as a tetrapyrroles (chlorophylls, hemes, and
cytochromes) labeling can be performed specifically or non-specifically. If non-specific label is
used, such as feeding of 14C CO2 or a general sugar or amino acid carbon source, the labeled
tetrapyrrole must be separated from labeled proteins and other labeled pigments for analysis
(Beisel et al., 2010). In doing so biological context is lost because the tetrapyrrole must be
removed from the protein in which it was bound. There is also an additional drawback in that
only a small percentage of total isotope may end up in the target molecule. Specific labeling,
however, has the unique advantage of allowing radiolabel detection within the context of the
cofactor’s binding proteins, since no radiolabel is incorporated into those proteins.
It is for this reason that specific chlorophyll radiolabeling has the potential to illuminate
otherwise difficult to resolve questions, especially regarding chlorophyll movement and
coordination with its binding proteins. If a specific cohort of pigment molecules or metabolites
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can itself be tracked then they can be localized spatially and temporally to any relevant cellular
fraction that can be isolated. This methodology can then additionally be used to assay for any
factors suspected to affect the process of interest, e.g., to see whether a given mutant is defective
in incorporation of chlorophyll into a given protein.
The detection of radiolabeled pigment bound to protein poses a particular challenge,
however, since the method of separation and detection is usually gel electrophoresis followed by
autoradiography. The radionuclide used for labeling must then be energetic enough to be
detected through the gel, which argues against the use of weak emitters like tritium in favor of
stronger beta emitters such as 14C. While tritiated compounds are often easy to produce by
proton exchange, and are therefore cheap and readily available, 14C labeled compounds must be
synthesized or purified from a labeled soup of metabolites. Needless to say this is not always
facile, or even possible.
To achieve specificity of labeling the radionuclide must be introduced in such a way that
it will only be incorporated into the molecule of interest. To accomplish this it must be carried
by a committed metabolic intermediate for the pathway of interest. Additionally, the pathway
must be particular to that molecule, i.e., it must have only one product. In the case of
tetrapyrroles the committed intermediate for the pathway is aminolevulinate (Gassman and
Bogorad, 1967; Klein et al., 1975). An obvious downside to the use of aminolevulinate for
labeling is the fact that the tetrapyrrole pathway branches to produce more than one product, i.e.,
hemes as well as chlorophylls. Although later intermediates could be used to target specific
branches of the pathway, aminolevulinate offers the advantages of being water soluble, stable,
and non-phototoxic or photoreactive. It can therefore be supplied to whole plants for uptake and
metabolization in vivo (Shemin, 1989). The problem of specificity of labeling using
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aminolevulinate may be solved, at least with respect to chlorophyll, based on the abundance of
chlorophyll relative to other tetrapyrroles (in plants) and on the ability to resolve protein-bound
chlorophyll from other tetrapyrroles. Chlorophyll accounts for approximately 80% of all
tetrapyrrole synthesis in plants, making it unlikely that any given heme protein would contribute
substantially to total radiolabel incorporation (Tanaka and Tanaka, 2007). More importantly,
though, is the fact that all chlorophyll-binding proteins are confined to the chloroplast, the bulk
being furthermore localized in the thylakoid membrane. Protein-bound chlorophyll can therefore
be separated from, for instance, mitochondrial cytochromes simply by isolating chloroplasts or
thylakoid membranes. A further dimension of separation is achieved when chlorophyll-binding
proteins or protein complexes are resolved from one another, e.g., by native gel electrophoresis.
As long as plastidial cytochromes do not co-migrate with chlorophyll binding proteins, which are
visibly green, there is little danger of mis-identification of labeled cytochrome signal for labeled
chlorophyll. In the case of native green gel electrophoresis the major cytochrome containing
complex, b6f, can be resolved from other major chlorophyll complexes (Ciambella et al., 2005;
Rokka et al.,2005). Given, then, the appropriateness of using aminolevulinate for specific
chlorophyll radiolabeling, the question of feasibility remains.
The formation of aminolevulinate in-vivo is generally a highly controlled, rate-limiting
step in the pathway (Hartel et al., 1997; Moulin and Smith, 2005; Richter et al., 2010).
Aminolevulinate therefore naturally exists only in very small metabolic pools, and so is not easy
to purify in significant quantities (Fu et al., 2010; Liu et al., 2010). The chemical synthesis of
aminolevulinate is also not facile (Bozell et al.,2000). This means that 14C labeled
aminolevulinate is expensive and difficult to come by. It is likely due, in part, to this limitation
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that very little research using tetrapyrrole radiolabeling has been done. (Feierabend and Dehne,
1996)
If aminolevulinate can not be purified or chemically synthesized with sufficient
economy, the only remaining possibility for its production is biosynthesis. In plants,
aminolevulinate is synthesized via the C5 pathway, which proceeds from glutamate in several
steps by way of a tRNA adduct (Thomas, 1997). This method would make for an unwieldy in-
vitro biosynthesis, due to the instability of the tRNA and the need for more than one enzyme.
Animals, fungi, and some purple bacteria, however, use the “Shemin pathway” to synthesize
aminolevulinate in a single step from glycine and succinyl-CoA. This pathway makes use of a
single enzyme, Aminolevulinate Synthase (Alas), affording a more biochemically tractable
system. -14C Glycine, the ostensive starting material for the radiolabel synthesis, is stable,
inexpensive, and the -carbon is never lost along the pathway to chlorophyll. Succinyl CoA,
although commercially available, can also be synthesized in-situ from -ketoglutarate and
Coenzyme A by -ketoglutarate dehydrogenase (Hunter and Ferreira, 1995), the latter method
being more cost effective.
Aminolevulinate synthases from different origins have somewhat different properties
with respect to substrate affinities and catalytic rates (Bolt et al., 1999; Feirreira and Dailey,
1993; Gardner et al., 1991; Neidle and Kaplan 1993). Most of the well-studied synthases are
from various strains of Rhodobacter, while the mammalian erythroid-specific Alas has also been
of particular interest because it is defective in human sideroblastic anemia. Aminolevulinate
synthases generally share a low affinity for glycine and a relatively slow turnover rate. Some
work has been done to modify these parameters, usually in an effort to increase aminolevulinate
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production in bacterial fermentation systems, with modest success (Choi et. al., 2008; Lendrihas
et al., 2010; Zhang et al., 2005).
The following chapter describes the development of a preparative biosynthesis for
aminolevulinate using Rhodobacter Alas. This method was then used to synthesize 14C labeled
aminolevulinate from commercially available 14C glycine. This synthesis represents a new and
drastically more economical source for 14C aminolevulinate than any previously available. The
effectiveness of the purified 14C aminolevulinate was demonstrated by radiolabel uptake by
whole Arabidopsis plants and resolution of labeled chlorophyll-protein complexes by native
green gel electrophoresis. The experimental results related in Chapter 3, which describe how
plastoquinone redox regulates turnover of the light harvesting antenna protein, were made
possible by this success.
Materials and Methods
Cloning HemA
A plasmid containing the Rhodobacter sphaerodies HemA gene encoding
Aminlevulinate Synthase was kindly provided by Dr. Elliot Altman at the University of Georgia.
To facilitate purification, the HemA gene was fused N-terminally to maltose binding protein
(Mbp) using the pMAL-C2E expression vector from New England Biolabs. HemA was
amplified by PCR using the following primers: cctctagagactacaatctggcactc and
gcaagctttcaggcaacgacctcgg, adding EcoRI and HindIII restriction sites to the 5’ and 3’ ends,
respectively. HemA was cloned into the pMAL vector and the finished construct was
transformed into E. coli strain BL21 for expression.
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Aminolevulinate Synthase Protein Expression
Protein expression was carried out according to the manufacturer’s (NEB)
recommendations, with some modification. A colony was picked and allowed to grow overnight
in 50 mls of standard E coli LB growth media plus ampicillin; 0.2% glucose was added to all
growth media to inhibit amylase synthesis. The 50 mls was then added to 450 mls of the same
medium and protein synthesis was immediately induced with the addition of 1mM of the non-
metabolizable lactose analogue isopropyl thiogalactopyranoside (IPTG). Induction was allowed
to proceed for 4 to 6 hours before collecting cells by centrifugation. Cells were washed in 50mls
of phosphate buffered saline (PBS), centrifuged and resuspended in another 50 mls PBS. Lysis
was performed with a Biospec Products Bead Beater according to the manufacturer’s instructions
using 0.1mM silica beads. The crude lysate was collected and cleared by centrifugation and the
supernatant retained.
Aminolevulinate Synthase Purification
Aminolevulinate synthase was purified from clarified bacterial lysate by binding of the
Mbp fusion protein to amylose resin. Amylose resin was purchased from New England Biolabs
and purification was performed according to the manufacturer’s recommendations. For 50 mls
of crude lysate a 2 ml column of amylose resin was prepared by allowing beads to settle in a 15
ml syringe fitted with a stop valve and bottom frit. Purification was carried out in the cold room
by simple gravity flow. The column was equilibrated by washing with at least 10 mls of PBS.
Protein was bound to the resin by passing the lysate twice through the column followed by
washing with 50 mls of PBS. Protein was eluted from the amylose resin in PBS + 10 mM
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maltose in 1ml aliquots and was diluted 50% with glycerol for storage at -20C. Recombinant
protein aliquots were assayed for aminolevulinate synthase activity in test biosynthesis reactions.
In-Vitro Biosynthesis of 14C Aminolevulinate
Reaction conditions to optimize conversion efficiency of 14C glycine to 14C
aminolevulinate were determined experimentally. All reactants were provided in stoichiometric
excess to glycine for hot reactions. To avoid loss of label during synthesis 2-14C glycine was
used; while the carboxylate group of glycine is lost on formation of aminolevulinate, the -
carbon remains throughout the pathway. 1 mCi of 2-14C glycine, as purchased from Moravek
Radiochemicals, was provided at a concentration of 1.8 mM in a volume of 10mls at
53mCi/mmol. To prevent further dilution of the substrate during the synthesis reaction the
glycine was first dried down to a volume of 5 mls under vacuum. The pH of the glycine
solution, which was supplied in 0.01N HCl, was adjusted to neutral just before enzymatic
conversion. Reactions were carried out in an open 50 ml tube in a volume of 10 ml. Reactions
contained 50 mM Tris, pH 7.4, 10 mM -ketoglutarate, 2 mM coenzyme A, 10mM NAD+, 100
M pyrridoxal phosphate, 1ml -ketoglutarate dehydrogenase (all from Sigma), and 3ml
aminolevulinate synthase enzyme stock. Reactions were run overnight at room temperature.
The synthesis was stopped by the addition of 0.5 ml glacial acetic acid and the reaction was
centrifuged at 10,000G for 30 minutes to remove precipitated proteins prior to purification of the
aminolevulinate product by ion exchange chromatography.
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Aminolevulinate Purification
Aminolevulinate was purified from crude reaction mixtures by ion exchange
chromatography. The method used is an adaptation from Mills (Mills, 1961) and Porra (Porra,
1986). The aminolevulinate synthesis reaction was loaded onto a 2 ml column bed of Bio-Rad
AG 50W X8 resin in the Na+ form. The resin was washed with 10 volumes of 100 mM sodium
acetate buffer pH 3.8 followed by 5 volumes of water. Aminolevulinate was then eluted with 10
mM potassium phosphate pH 7. Aliquots of eluate were assayed for the presence of
aminolevulinate.
Colorimetric Assay for Aminolevulinate
Aminolevulinate concentrations were determined colorimetrically by an adaptation of the
methods of Mauzerall and Granick (Mauzerall and Granick, 1956) and Tomokuni and Hirai
(Tomokuni and Hirai, 1986). A 20 L sample of eluate was added to 20 L of methyl
acetoacetate (Sigma) in a total volume of 200 L water and the mixture was incubated at 95 C
for ten minutes and then placed on ice to cool. Ehrlich’s reagent was prepared by dissolving 100
mg 4-(dimethylamino)-benzaldehyde (Sigma) in 4.2 ml glacial acetic acid, which was then
brought to a volume of 5 ml with 70% perchloric acid. 200 L of this reagent was added to each
aminolevulinate sample and the absorbance at 553 nm was measured. Aminolevulinate
concentrations were determined against a standard curve.
In-Vivo Radiolabeling
Radiolabeling was performed with Arabidopsis plantlets grown on half strength MS
medium gellan gum plates supplemented with 1% sucrose for three weeks. Plants were grown
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under approximately 200 E.m-2.s-1 cool white fluorescent light with 12 hours of light per day.
For root uptake of radiolabel plants were carefully removed from plates and gellan gum residue
was washed from their roots. Each plant’s roots were trimmed to 1cm in length in order to
equalize root mass. Labeling was performed by placing plants in clean plates containing purified
aminolevulinate radiolabel diluted at least ten fold in pure water.
Sample Preparation and Gel Electrophoresis
After radiolabel uptake Arabidopsis plantlets are washed thoroughly in pure water and
the roots are removed and discarded. Whole plantlets are then homogenized in 1ml of buffer
TMK containing 50 mM tris pH 7.4, 10mM MgCl2, 5 mM KCl with a glass dounce
homogenizer. The crude homogenate was then passed through 4 layers of miracloth in the
bottom of a syringe and the filtered homogenate collected. At this point a 50 L aliquot was
taken for chlorophyll concentration measurement. The aliquot was diluted in 1ml methanol and
centrifuged at 16,000G, after which chlorophyll concentration is measured according to
Wellburn (Wellburn, 1994). Samples are then normalized for chlorophyll content by adjusting
sample volume. Thylakoids are then pelleted by centrifugation at 6,000G for ten minutes and the
supernatant discarded. For standard SDS-PAGE thylakoids were dissolved in Laemmli loading
buffer and boiled for 10 min. For native green gel electrophoresis thylakoid samples were
dissolved in native loading buffer (NLB) consisting of TMK buffer containing 30% glycerol, 1%
decyl maltoside and 1% n-octyl glucoside (Sigma). For samples which were to be run on both
native and denaturing gels, thylakoids were first suspended in NLB and an aliquot was then
mixed 1:1 with Laemmli loading buffer and boiled for SDS-PAGE. All samples were spun at
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16,000G before loading onto gels. Green gels were poured according to the method of Allen and
Staehelin (1991).
Results
Cloning and Expression of Aminolevulinate Synthase
To simplify the purification of recombinant aminolevulinate synthase (AS) the enzyme
was expressed in bacteria as a fusion with maltose-binding protein (Mbp). Mbp was chosen as
the fusion partner based on ease of use, high solubility, and purification conditions that were
unlikely to interfere with the downstream synthesis. The Mbp-Alas fusion was highly expressed
upon induction with IPTG in BL21 E. coli (Fig 2.1). It was also found that the Mbp-Alas fusion
protein affords the convenience of being easily tracked during expression and purification based
on the fact that it is a colored protein. Binding Mbp-Alas to the white amylose resin turned the
resin a pink-orange and the purified protein eluate was likewise colored. Purity of the eluted
protein was found to be high (Fig 2.2) and typical yields were approximately 10 mg per liter of
culture with a final eluted enzyme concentration of 1-2 mg/ml (Fig 2.3)
Synthesis of Aminolevulinate
Aminolevulinate synthase converts glycine and succinyl-CoA to aminolevulinate and
carbon dioxide, using pyridoxal phosphate as a cofactor. Although succinyl-CoA can be bought
from commercial chemical suppliers it is relatively expensive, and so decreases the cost
efficiency of the synthesis. Succinyl-CoA can, however, be generated in-situ from -
ketoglutarate and coenzyme A using -ketoglutarate dyhydrogenase, with concomitant reduction
of NAD+ to NADH. All of these reagents are available at low cost. The linked reaction
synthesizing aminolevulinate from -ketoglutarate and glycine has the additional advantage of
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recycling coenzyme A, since it is released from succinyl-CoA as a product of the
aminolevulinate synthase reaction. This makes coenzyme A merely catalytic in the overall
reaction (Fig 2.4). This reaction scheme has been described previously by Hunter and Ferreira
(Hunter and Ferreira, 1995) as an assay for aminolevulinate synthase activity, though the method
described would not have been suitable for bulk synthesis of aminolevulinate.
Aminolevulinate synthases have a range of enzymatic characteristics, depending on the
species or cell type of origin, though they generally have low affinities for their glycine substrate
compared to a relatively high affinity for succinyl-CoA, as well as relatively slow catalytic rates.
Reported Km values for Rhodobacter HemA are 1.9 mM for glycine and 17 µM for succinyl-
CoA, and a Kcat of 430 h−1 (Bolt et al., 1999). Although the reaction is irreversible due to the
loss of CO2, an extremely slow reaction rate would not be expected to produce sufficient product
before degeneration of enzymatic activity. With this in mind it was expected that an efficient
conversion of glycine to aminolevulinate would require a ten fold excess of glycine above the
Km, i.e., at least 20 mM glycine. While increasing initial concentrations of glycine yielded faster
initial reaction velocities, it was quickly found that high substrate concentrations yielded low
conversion efficiencies of 50% or less. This was presumed to be due to product inhibition of the
enzyme. It was subsequently found that very high conversion efficiencies approaching 90%
could be routinely achieved with low glycine concentrations of 2 mM or less and long
incubations of at least 12 hours (Fig. 2.5). The highest conversion efficiencies were achieved
with the addition of more enzyme half way through the incubation period. Variations in other
reaction components were not found to significantly affect conversion efficiency, as long as they
were stoichiometrically sufficient for the reaction (data not shown).
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Specificity of Label Incorporation
The typical synthesis reaction reached a conversion efficiency of only about 85%. It was
initially unclear whether the approximately 15% of unreacted glycine would present an
experimental liability due to background incorporation into proteins. Figure 2.6A shows that
when the crude aminolevulinate synthesis reaction mixture was used for in-vivo labeling there
was significant incorporation of label into thylakoid proteins compared to chlorophyll. It is
therefore necessary purify the aminolevulinate product to remove unreacted glycine radiolabel to
prevent background incorporation. This was accomplished by ion exchange chromatography
based on the difference in charge with respect to pH. The first ionization constant for glycine is
at pH 2.34 and the second at pH 5.97, so that glycine is largely neutral in this range.
Aminolevulinate is cationic below pH 4, so that the pH range between 3 and 4 can be used to
selectively bind aminolevulinate (Mills, 1961). Purification of the aminolevulinate radiolabel
based on the method of Porra (Porra, 1986) resulted in no significant loss of product and greatly
improved labeling specificity. There was no detectable incorporation of radiolabel into protein
using the purified 14C aminolevulinate (Fig 2.6B). Additionally, no incorporation of radiolabel
into protein was visible on a native green gel even after overnight radiolabel uptake in the dark
(Fig 2.6C). Since chlorophyll synthesis can not be completed without light in higher plants all of
the radiolabel was found in the free pigment band at the bottom of the gel. Even after 16 hours
of radiolabel uptake there is no detectable incorporation of label into protein bands, indicating
that the radiolabel was sufficiently pure to ensure confidence in its specificity.
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Discussion
This work reports a bulk biosynthesis method for 14C aminolevulinate from 14C glycine
with high yield and high purity. Given current market values for these two radiolabeled
compounds, this synthesis potentially reduces the cost of 14C aminolevulinate by almost 95%.
The ability to cheaply produce 14C aminolevulinate should prove to be of great benefit to
researchers in any field working with tetrapyrroles, which includes both hemes and cytochromes
as well as chlorophyll. The foremost advantage of this tool lies in the fact that it allows the
specific detection of the tetrapyrrole of interest from standard acrylamide gels via
autoradiography. This makes possible a wide array of experiments allowing spatial and temporal
resolution of the movement of pigments as they are synthesized, incorporated into their target
binding proteins, and eventually degraded. A key disadvantage to this methodology is that
circumventing of the initial step in tetrapyrrole pathway by providing exogenous
aminolevulinate, makes it impossible to study the regulation of this step by this method, as well
as also potentially creating a non-physiological misregulation of the pathway. Another potential
drawback is the need to be able to isolate or otherwise resolve the pigment-binding protein or
complex of interest in order to specifically assay for bound radioactivity.
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Figures
Figure 2.1 Mbp-Alas protein is strongly expressed upon induction with IPTG in BL21 E.
coli.
Figure 2.1 A BL21 strain E. coli carrying the Mbp-Alas construct were induced to express
protein by the addition of 1 mM IPTG to the culture broth. After 4 hours of induction strong
specific protein expression is visible on a coomassie-stained SDS-PAGE gel.
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Figure 2.2 Affinity chromatography of the Mbp-Alas fusion protein over amylose resin
yields pure protein.
Figure 2.2 Mbp-Alas was purified from crude bacterial lysate of induced bacterial culture by
affinity chromatography over amylose resin. Mbp-Alas specifically bound to the resin was
eluted in PBS with 10 mM maltose. Fractions from the amylose resin column showed highly
specific elution of the Mbp-Alas protein with no contaminating proteins visible by coomassie
staining on SDS-PAGE.
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Figure 2.3 The yield of purified Mbp-Alas is approximately 10mg/L of culture
Figure 2.3 The yield of Mbp-Alas after affinity purification over amylose resin was quantified
by densitometric comparison of coomassie staining with BSA on SDS-PAGE. Typical yields
were found to be approximately 10mg of purified protein per Liter of culture.
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Figure 2.4 Aminolevulinate is synthesized in a linked reaction between -Ketoglutarate
Dehydrogenase and Aminolevulinate Synthase
Figure 2.4 The reaction scheme for synthesis of aminolevulinate from glycine and -
ketoglutarate shows a linked reaction with -ketoglutarate dehydrogenase (-KGD) and
aminolevulinate synthase (Alas). Note that coenzyme A is recycled in this scheme and NAD+ is
consumed. Both reactions are irreversible due to the release of CO2.
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Figure 2.5 Conversion of glycine to aminolevulinate is more efficient at lower glycine
concentrations due to product inhibition.
Figure 2.5 Lower concentrations of glycine substrate are more completely converted to
aminolevulinate, therefore making the reaction more efficient. 10mM of glycine starting
material is converted to product at a yield of less than 50%, while 1mM of glycine starting
material is converted with a yield of 85-90%. The poor conversion efficiency of the reaction at
higher glycine concentrations is presumed to be due to inhibition of Alas by aminolevulinate
product formation.
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Figure 2.6 Purification of 14C aminolevulinate by ion exchange chromatography gives
specific radiolabel incorporation into chlorophyll.
A B C
Figure 2.6A Crude aminolevulinate synthesis reaction mixture used for in-vivo radiolabeling in
Arabidopsis plantelets gives significant background incorporation of radiolabel into proteins.
Arabidopsis plantlets were fed 14C aminolevulinate reaction mixture for 4 hours, after which
thylakoids were isolated and solubilized for separation on denaturing SDS-PAGE.
Autoradiography was performed on the dried gel to visualize incorporation of radiolabel into
protein bands and pigment (at the bottom of the gel).
Figure 2.6B After purification of the 14C aminolevulinate product by ion exchange
chromatography there was no visible background incorporation of activity into proteins after 2
and 4 hours of labeling.
Figure 2.6C Prolonged feeding of purified 14C aminolevulinate in the dark reveals an extremely
high degree of labeling specificity. Arabidopsis plants were allowed to take up and metabolize
purified radiolabel overnight in the dark for 16 hrs. In the complete absence of light chlorophyll
synthesis can not be completed and so newly synthesized protochlorophyllide can not be
incorporated into proteins. Separation of solubilized thylakoid complexes by native green gel
electrophoresis shows that all activity is confined to the free pigment band at the bottom of the
gel, with no incorporation into proteins even after 16hrs of labeling.
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CHAPTER 3
PLASTOQUINONE REDOX CONTROL OF CHLOROPHYLL INCORPORATION
INTO THYLAKOID PROTEIN COMPLEXES
Introduction
To grow and compete successfully with their neighbors, plants have evolved
mechanisms, operating at a variety of timescales, allowing them to adapt their photosynthetic
machinery to efficiently take advantage of their lighting environment (Eberhard et al., 2008;
Wilson and Huner, 2000). Photosynthetic activity is instantaneously modulated to prevent or
ameliorate photodamage from excess irradiance on a continuous basis (Barber and Andersson,
1992; Li et al., 2009; Ort, 2001). In higher plants this modulation is achieved at low light levels
through state transitions, while non-photochemical quenching (NPQ) protects the photosystems
at higher irradiance (Aro et al., 2006). Over the course of days, the so-called Long Term
Response allows acclimative alterations to the photosystems in response to changes in the light
environment. Increasing light levels lead to synthesis of photocenters and degradation of the
major light harvesting antenna protein (LHC), resulting in more photosystems with smaller
antennae (Allen and Pfannschmidt, 2000; Fan et al., 2007). Conversely, a switch to lower light
levels leads to a reduction in photocenters concomitant with LHC synthesis, resulting in fewer
photosystems with larger antennae (Allen and Pfannschmidt, 2000; Fan et al., 2007). At the
same time, changes in light quality alter the ratio of Photosystem I to Photosystem II to maintain
energetic balance between the two, with light enriched in wavelengths favoring absorption at
PSII leading to synthesis of more PSI centers, and vice versa (Allen and Pfannschmidt, 2000;
Fan et al., 2007). Lastly, over the course of the growing season and throughout development,
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resources are allocated to building and maintaining the photosynthetic apparatus (Lopez-Juez
and Pyke, 2005).
All of these activities, with the possible exception of instantaneous processes such as
state transitions and NPQ, are presumably burdened by the need for coordination between plastid
and nuclear gene expression, as well as the synthesis and degradation of small molecule
cofactors such as chlorophyll and carotenes. Some of the signals governing this coordination are
known (Fernandez and Strand, 2008; Galvez-Valdivieso and Mullineaux, 2010; Koussevitzky et
al., 2007; Pesaresi et al., 2007; Pfannschmidt, 2003), while other are less well understood
(Moulin et al., 2008; Pfannshmidt, 2010). State transitions and the Long Term Response, even
though they occur on different time scales, have both been shown to be modulated by the redox
state of the thylakoid membrane plastoquinone (PQ) pool (Bellafiore et al., 2005; Lemeille and
Rochaix, 2010; Pesaresi et al., 2009; Rochaix, 2010). However, while this signal appears to
regulate the components of the photocenters through transcriptional control (Pfannschmidt,
1999), thylakoid membrane LHC protein content appears not to be regulated primarily at the
level of gene expression. Even though LHC transcript levels vary diurnally, LHC protein levels
are virtually independent of transcript abundance (Flachmann and Kuhlbrandt, 1995; Martino-
Catt and Ort, 1992; Mathis and Burkey, 1989). LHC protein instead appears to be governed
post-translationally by stable insertion into the thylakoids (White and Green, 1987), and so its
regulation represents a substantially different paradigm from that of the photocenters, despite the
fact that the two appear to respond to the same PQ redox signal. Understanding how the LHC
antenna can be differentially regulated from the photocenters is therefore likely to be important
for understanding acclimative adjustments of the photosystems.
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The majority of chlorophyll in the thylakoids is bound by LHC proteins (Schmid, 2008).
It is not surprising then that the regulation of chlorophyll metabolism is thought to be an
important aspect of LHC regulation (Thomas 1997). The availability of pigments to nascent
LHC peptides has been shown to be indispensable for the stable integration of LHC into the
thylakoids (Kohorn and Auchincloss 1991). It is, nevertheless, not known how chlorophyll
metabolism is integrated with LHC protein expression to produce changes to the LHC antennae
as needed, or even simply to maintain them on a steady-state basis. Chlorophyll synthesis is
largely regulated by the rate limiting production of the first committed intermediate in the
pathway, delta-aminolevulinic acid (Ala) ( Gassman and Bogorad, 1967; Klein et al., 1975;
Reinbothe, 1996; Hunter and Ferreira, 2009). Ala synthesis is, in turn, dependent on the activity
of the enzyme catalyzing the committed step, Glutamyl t-RNA Reductase (GTR), which is
transcriptionally regulated (Grimm, 1997; Richter et al., 2010). GTR expression can be
upregulated by light signals through phytochromes and cryptochromes but, like LHC, GTR
transcription also displays circadian oscillations (Kruse, 1997). It is currently unclear, however,
whether net chlorophyll synthesis takes place on a daily basis in photosynthetically mature
leaves or whether such synthesis has an impact on LHC integration into the thylakoids (Wickliff
and Aronoff, 1962; Busheva et al., 1991).
The work in this chapter applies the specific in-vivo radiolabeling of chlorophyll
described in the previous chapter to the question of PQ redox regulation of the light harvesting
antenna. In conjunction with native green gel electrophoresis, this methodology is used to study
the integration of chlorophyll into thylakoid protein complexes and turnover of protein-bound
chlorophyll. Virtually no work of this kind has yet been done, in part due to the scarcity and
expense of [14C] aminolevulinate. This chapter describes how newly synthesized chlorophyll
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was found to primarily be inserted into LHC, which were in turn progressively incorporated into
the photosystem complexes. The rate of chlorophyll incorporation into LHC increased with light
intensity, and the accumulation of LHC in the thylakoids depended both upon the synthesis and
degradation of chlorophyll-protein complexes. This process was found to be regulated by PQ
redox, which was in turn mediated by both the STN7 kinase and PsbS, as determined by electron
transport inhibition and mutant analysis. Phosphorylation of LHC was found to be necessary for
LHC degradation, while dephosphorylation of LHC and PsbS activation contributed to increased
chlorophyll incorporation. It is concluded that LHC degradation is responsible for thinning the
LHC pool down to the appropriate size, regardless of the rate of synthesis.
Materials and Methods
Plant Material and Growth Conditions
Arabidopsis thaliana ecotype Columbia plants were used for wild type. The PsbS knock-
out mutant NPQ4-1 and L7 overexpressor lines were kindly provided by Dr. Krishna Niyogi.
The STN7 and PPH1 mutant lines were obtained from TAIR (Salk_073254C and
SALK_025713C, respectively). Arabidopsis plants were grown on half strength MS medium
gellan gum plates supplemented with 1% sucrose. Each 10 cm plate contained six well spaced,
individually planted seeds. Plants were grown under 200 E.m-2.s-1 supplied by cool white
fluorescent lamps with a 12 hour day/night cycle.
Radiolabeling, High Light and Inhibitor Treatment
14C aminolevulinate was synthesized as described in Chapter 2. Results presented for
radiolabel experiments are considered representative of at least three experimental replicates.
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Sample points included 2 or more plants to reduce individual variation. For radiolabel uptake
plants were carefully removed from plates and gellan gum residue was washed from their roots.
Each plant’s roots were trimmed to 1cm in length in order to equalize root mass. Labeling was
performed by placing plants in new plates containing 1ml of radiolabel stock diluted in 19 ml of
water, giving an aminolevulinate concentration of approximately 50 M and a total activity per
plate of approximately 100 Ci. For high light treatment, Arabidopsis plantlets were floated in
pure water under high intensity halogen lighting at the indicated intensity. A small fan was used
to circulate air between the light source and the plants to prevent overheating. For inhibitor
treatment plants were floated in 15 ml water, into which was added 15 L of a 1 M inhibitor
stock solution in ethanol to a final inhibitor concentration of 1 mM.
Sample Preparation and Green Gel Electrophoresis
After radiolabel uptake Arabidopsis plantlets were washed thoroughly in pure water and
the roots were removed and discarded. Whole plantelets were then homogenized in 1ml of
buffer TMK containing 50 mM tris pH 7.4, 10 mM MgCl2, 5 mM KCl with a glass dounce
homogenizer. The crude homogenate was then passed through 4 layers of miracloth in the
bottom of a syringe and the filtered homogenate was collected. At this point a 50 L aliquot was
taken for chlorophyll concentration measurement. The aliquot was diluted in 1ml methanol and
centrifuged at 16,000G, after which chlorophyll concentration was measured according to
Wellburn (Wellburn, 1994). Samples were then normalized for chlorophyll content by adjusting
sample volume. Thylakoids were then pelleted by centrifugation at 6,000G for ten minutes and
the supernatant discarded. For native green gel electrophoresis thylakoid samples were dissolved
in native loading buffer (NLB), which was TMK buffer containing 30% glycerol, 1% decyl
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maltoside and 1% n-octyl glucoside (Sigma). All samples were spun at 16,000G before loading
the supernant onto the gels. Green gels were prepared and poured according to the method of
Allen and Staehelin (Allen and Staehelin, 1991).
Results
Newly-Synthesized Chlorophyll was Preferentially Incorporated into LHC
The synthesis of aminolevulinate is normally a tightly controlled, rate limiting step in the
tetrapyrrole biosynthetic pathway. As the first committed intermediate in the pathway
aminolevulinate is converted exclusively into tetrapyrroles by plants. Directly providing a plant
with exogenous aminolevulinate therefore produces a forced enhancement of the flux through
the tetrapyrrole pathway. This makes it unsuitable to conduct radiolabeling experiments with
aminolevulinate in the usual pulse-chase fashion, as any chase of radiolabel with a large dose of
cold aminolevulinate would affect the cellular processes under scrutiny. In angiosperms,
however, the protochlorophyllide oxidoreductase (POR) step at the end of the pathway requires
light as a substrate (Thomas, 1997; Tanaka and Tanaka, 2007). Since the rest of the chlorophyll
pathway is still operational in the dark, exogenous aminolevulinate is metabolized to
protochlorophyllide in the dark (Thomas, 1997). This produces a coherent pulse of newly
synthesized chlorophyll upon illumination, thereby avoiding any possible regulatory effects of
light on the pathway up to that stage. Feeding aminolevluinate during illumination versus
feeding in the dark can then be used to discriminate uptake and synthesis from incorporation and
degradation. By providing a definite finishing point to the conversion of aminolevulinate into
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chlorophyll, dark feeding also allows the temporal resolution of chlorophyll incorporation into
thylakoid protein complexes from that point.
To visualize the kinetics of chlorophyll incorporation into thylakoid complexes, plants
were allowed to take up and metabolize aminolevulinate overnight in the dark. As stated above,
it was presumed that all but the POR-catalyzed step of chlorophyll synthesis would proceed in
the dark. Newly synthesized protochlorophyllide would not be incorporated into chlorophyll-
binding proteins until its conversion to chlorophyll could be completed in the light. Figure 3.1A
shows the very distinct pattern of chlorophyll incorporation that results from feeding
aminolevulinate in the dark. Radiolabel is initially incorporated into the free pigment band and
the free LHC pool. It then begins to appear in the PSII core plus LHC band, as well as the top
photosystem supercomplex band. Labeling appears to develop lastly in the PSII core band and
the PSI core and supercomplex bands, though this may simply be due to the low abundance of
these complexes on the green gel. This pattern of chlorophyll incorporation recapitulates the
pattern of thylakoid complex formation seen during greening (Dreyfuss and Thornber, 1994). To
further demonstrate the relationship between chlorophyll synthesis and the LHC pool, 35S
metabolic radiolabeling was performed with and without exogenous aminolevulinate. Figure 3.1
B shows the strong increase in newly synthesized LHC protein in the free LHC pool as a result
of aminolevulinate feeding.
In Figure 3.1C plants given only a brief exposure to light show a greatly decreased
incorporation of label from 14C aminolevulinate into thylakoid proteins. Since some radiolabel
was still incorporated into thylakoid proteins in the dark after light exposure, this is presumably a
reflection of the limited quantity of chlorophyll produced during the brief light exposure, rather
than an inability of newly synthesized chlorophyll to be incorporated into the thylakoids in the
45
dark. This is supported by the decrease in the free chlorophyll band seen in the light-exposed
plants as labeled chlorophyll was incorporated into thylakoid complexes.
For comparison to dark feeding, the pattern of radiolabeling when plants were allowed to
take up aminolevulinate in the light was also investigated. In lieu of a chase of cold
aminolevulinate, plants pulsed for 2 hours were rinsed in water and had their remaining roots
removed before being allowed to continue metabolizing radiolabel. The pattern of radiolabel
incorporation in the light is similar to that seen after dark incubation, though radiolabel continues
to accumulate in the free chlorophyll band during pulsing, while it diminishes with time during
the chase (Fig 3.1D). It can also be seen that prolonged pulsing with aminolevulinate, though it
continues to produce radiolabel incorporation into free LHC, eventually leads to the apparent
degradation of higher molecular weight complexes.
Light Intensity Affects the Rate of Chlorophyll Incorporation into Thylakoids, but not
Chlorophyll-Protein Turnover
Changes in light intensity have a profound impact on the composition of the
photosystems, especially with regard to the size of the LHC pool (Mathis and Burkey, 1989;
Yang et al., 2001). Since any incorporation or degradation of chlorophyll binding proteins
implies synthesis or degradation of chlorophyll, respectively, the effect of different light
intensities on the incorporation of radiolabeled chlorophyll into thylakoid complexes was
examined. Figure 3.2A shows the results of radiolabel incorporation under increasing light
intensities after two or four hours of pulsing. After two hours of labeling there was a clear pattern
of increased incorporation of labeled chlorophyll into thylakoid complexes as light intensity
increased, concurrent with the loss of label in the free chlorophyll band. This pattern held true
after four hours of labeling, though at the highest light intensity the labeling of all bands
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decreased, apparently as a result of degradation. Figure 3.2B also depicts increasing radiolabel
incorporation at higher light intensities, but also shows increased labeling of free chlorophyll
with higher light, presumably reflecting greater chlorophyll synthesis. To determine whether the
enhanced radiolabeling of chlorophyll complexes under high light may be due to an inhibition of
degradation, rather than increased incorporation, Arabidopsis plants were first pulsed with
radiolabel overnight in the dark before exposure to light of different intensities. No difference
in labeling was detected as a result of exposure to high light, even though there was apparent
degradation of chlorophyll after four hours of irradiance (Fig 3.2C).
Since the loss of chlorophyll labeling was not affected by high light intensity, the effect
of light on chlorophyll protein degradation was further investigated by placing Arabidopsis
plants in complete darkness after radiolabel uptake in the light. In Figure 3.2D continuous
exposure of plants to light for 8 hours after labeling led to loss of chlorophyll radiolabel, whereas
plants kept in the dark during that time continued to accumulate radiolabel into thylakoid
complexes. This indicates that chlorophyll protein degradation does not occur in the dark.
Plastoquinone Redox Controls both the Rate of Chlorophyll Incorporation and Chlorophyll-
Protein Degradation.
One possible mediator of the observed changes in chlorophyll radiolabeling as a result of
different light intensities is the redox state of the plastoquinone pool. Plastoquinone redox has
previously been shown to be responsible for modulating the size of the LHC antenna in response
to high or low light conditions, though the mechanism by which it does so is not understood
(Yang et al., 2001; Morosinotto et al., 2006)).
In order to observe changes to chlorophyll radiolabeling as a result of changes in
plastoquinone redox, Arabidopsis plants were treated with the electron transport inhibitor DCMU
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before labeling experiments. DCMU binds to the Qb site of the photosystem II D1 protein,
thereby preventing reduction of plastoquinone (Wilson and Huner, 2000). This results in a
complete oxidation of the plastoquinone pool analogous to full darkness, regardless of lighting
conditions. In Figure 3.3A Arabidopsis plants were treated with DCMU before being fed 14C
aminolevulinate under normal lighting conditions. While treated plants appeared to have
reduced radiolabel incorporation after two hours compared to untreated plants, at four and six
hours DCMU treatment there is dramatically enhanced labeling in all bands. This latter effect is,
however, not always seen. Figure 3.3B shows a similar experiment in which the predominant
effect is the same inhibition of labeling seen for the two hour time-point in 2.3A.
In an attempt to further characterize this phenomenon plants were also treated with
DBMIB, which prevents oxidation of reduced plastoquinol at cytochrome b6f. This results in
over-reduction of the plastoquinone pool, which in terms of redox poise is the antithetical state to
that produced by DCMU treatment. Figure 3.3C shows the expected increase in labeling due to
DBMIB treatment compared to the reduced labeling seen in DCMU treated plants.
Since the above treatments may produce their observed effects either by influencing
chlorophyll synthesis or degradation, or both, the effect of DCMU treatment on plants labeled
overnight in the dark was also tested to exclude the effects of chlorophyll synthesis. Figure 3.3D
shows that labeling in untreated plants peaked after two hour and then had begun to decline after
four hours. Treated plants, by contrast, had continued to accumulate radiolabel after four hours
of illumination, apparently having been inhibited in chlorophyll protein degradation. DCMU
treatment therefore seems to inhibit both incorporation of chlorophyll into thylakoid proteins and
chlorophyll protein degradation.
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Both State Transitions and NPQ are Involved in Mediating the PQ Redox Signal
The complex effect of DCMU treatment on chlorophyll radiolabeling in Arabidopsis
plants implies multiple signals downstream of plastoquinone redox. There are currently two
known signal mediators downstream of plastoquinone, the STN7 thylakoid kinase and PsbS.
The STN7 kinase is involved in the phosphorylation of LHC in state transitions and is activated
by the binding of reduced plastoquinol to cytochrome b6f (Bellafiore et al., 2005; Lemeille et al.,
2009). PsbS is a four helix LHC superfamily protein that is necessary for non-photochemical
quenching and is activated by protonation at low lumenal pH, i.e., by the activity of the PQ redox
cycle (Li et al., 2000; Holt et al., 2004). The NPQ4-1 mutant lacks PsbS and can be compared to
the L7 Arabidopsis line which overexpresses PsbS (Li et al., 2000; Li et al., 2002). Likewise, it
has recently been found that the PPH1 phosphatase is responsible for dephosphorylating LHC
(Shapiguzov et al., 2010), and so the STN7 mutant can be compared to the PPH1 mutant, which
is incapable of returning to State 1 from State 2.
Figure 3.4A-C illustrates that, when fed 14C aminolevulinate under normal light growth
conditions, the NPQ4-1 mutant was found to have reduced label incorporation compared to wild
type, while the L7 overexpressor did not appear substantially different from wild type. In
contrast, the STN7 mutant was found to have increased label incorporation compared to wild
type, while labeling in the PPH1 mutant was found to be slightly elevated. Again, to determine
whether the differences in radiolabeling seen in these lines was due to changes in the rates of
chlorophyll incorporation or changes in the rates of chlorophyll protein degradation, it was
necessary to perform 14C aminolevulinate feeding overnight in the dark.
Looking first at the effects of abnormal LHC phosphorylation, Figure 3.4D shows
incorporation of radiolabel into thylakoid complexes in the wild type had occurred after two
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hours of light exposure and by four hours labeling had decreased. By contrast, no decrease in
labeling occurred in either the STN7 or PPH1 mutants by four hours of light exposure. This
phenotype was more dramatic in the STN7 mutant, however, with the PPH1 mutant displaying
only slightly increased labeling compared to wild type after four hours. This appeared to be due
to a decreased rate of label incorporation into thylakoid complexes in the PPH1 mutant. Both
chlorophyll incorporation and chlorophyll protein degradation therefore appear to be defective in
the PPH1 mutant, while degradation is defective and incorporation is enhanced in the STN7
mutant.
In contrast to defects in LHC phosphorylation, which appeared to affect both chlorophyll
integration and chlorophyll protein degradation, PsbS seemed only to affect chlorophyll
integration into thylakoid proteins. Figure 3.4E shows that there was a large reduction in label
incorporation into the free chlorophyll band of the NPQ4-1 mutant compared either to wild type
or the L7 PsbS overexpressor. In contrast, the L7 mutant displayed increased radiolabel
incorporation, so that the PsbS protein appears to directly affect the rate of chlorophyll synthesis.
Interestingly, the increased rate of incorporation in the L7 overexpressor also appeared to be
compensated by an increased rate of chlorophyll protein degradadtion, resulting in a similar
degree of labeling to wild type after 4 hours. In combination with the fact that the STN7 mutant
showed increased label incorporation compared to wild type due to defective degradation, this
indicates that the rate of LHC turnover has greater influence in modulating the size of the LHC
pool than chlorophyll integration.
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Discussion
The appearance of a free pigment band on green gels is generally considered an
undesirable artifact of the thylakoid solubilization process, since little or no chlorophyll is
expected to exist in-vivo unbound by protein. The fact that the free chlorophyll band was
consistently found to be the earliest labeled band suggests that it is actually a physiologically
relevant chlorophyll pool. It may represent newly synthesized chlorophylls that are weakly
bound by the chlorophyll synthesis machinery or incompletely folded or assembled LHC. This
interpretation is supported by the concomitant labeling of some of the free LHC band, which
occured even when samples were processed under weak green light after labeling, i.e., when
conversion of 14C protochlorophyllide to 14C chlorophyll could not be completed. This seems to
indicate a close association between the mechanisms of chlorophyll synthesis and LHC folding
and integration into the thylakoids. The initial labeling of LHC and its apparent role as the
primary acceptor for newly synthesized chlorophyll lends support to the notion that LHC is
controlled at the level of chlorophyll availability for protein folding. This was confirmed by
greatly increased 35S label incorporation into LHC protein (indicating increased LHC
accumulation) as a result of aminolevulinate feeding.
Plants must be able to maintain a light harvesting antenna that is adapted to suit their
lighting environment, i.e. they must be able to keep a relatively constant LHC pool size under
stable lighting conditions while being able to increase or decrease that pool when illumination
conditions change for a prolonged period. Since, as we have shown, the incorporation of LHC
into the thylakoids was dependent on the availability of chlorophyll for folding, the maintenance
of the LHC pool necessarily entails a like regulation of chlorophyll metabolism. There are
essentially two schemes by which such regulation might be accomplished, turnover or tight
51
repression. In the turnover model LHC folding is relatively unaffected by chlorophyll
availability and the LHC pool size is maintained by controlling degradation of LHC and
chlorophyll. In this model both synthesis and degradation are continuously modulated by light to
maintain balance under normal conditions, or to modulate one way or the other as necessary.
While this type of mechanism is common to many biochemical systems, the particular
limitations of chlorophyll degradation would appear to make it less favorable. Chlorophyll, as
with all tetrapyrroles, can not be returned to the general pool of carbon metabolites once
degraded (Matile et al., 1999). Moreover, any organism capable of doing so excretes tetrapyrrole
degradation products, while plants are incapable of disposing of such waste except by storage in
the vacuole. There would therefore seem to be a practical limit to the total amount of
chlorophyll degradation that a leaf can undertake in its lifespan. The second model would
forestall this possible limitation by keeping chlorophyll synthesis tightly repressed. The LHC
pool size would thereby be maintained simply as a lack of synthesis or degradation under steady
state.
The repression model predicts that chlorophyll synthesis would be limited by normal
lighting conditions and that increasing light intensities, especially those high enough to produce
photoinhibiton and photodamage, would abolish chlorophyll synthesis. Conversely, low light
might be expected to relieve repression in order to allow expansion of the LHC pool. It was
found, to the contrary, that increasing light levels uniformly increase chlorophyll incorporation
into the thylakoids. At the same time, it also surprisingly appeared that degradation of LHC and
its chlorophyll cofactors occurs normally as a continuing process. While light is necessary for
chlorophyll protein degradation, increasing light levels per se do not appear to have any effect on
the rate of degradation, at least under the conditions tested.
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These results suggest that increasing light intensities would tend to favor enlargement of
the LHC antenna. This regulatory scheme is counterintuitive, since it contradicts the known
need for plants to expand the LHC antenna in response to low light and conteract it in response
to high light. In an attempt to reconcile this apparent disparity, the underlying mechanisms of
the effect of light on chlorophyll incorporation and degradation were investigated. The size of
the LHC antenna is known to be regulated in some fashion by plastoquione redox and, as would
be expected, minimal antennae result from chronic overreduction of the plastoquinone pool,
while expanded antennae are formed in response to attenuation of plastoquinone reduction (Yang
et al., 2001; Morosinotto et al., 2006). This correlation was tested in our chlorophyll labeling
system using DCMU treatment to interrupt the transfer of electrons from PSII to plastoquinone.
It was found that DCMU attenuates radiolabel incorporation into chlorophyll protein complexes
and also prevents chlorophyll protein degradation. These results correspond perfectly with those
from the light intensity experiments and clearly indicate that the effects of light on chlorophyll
radiolabeling are mediated by plastoquinone redox. It therefore appears that our results are not at
odds with known mechanisms governing the acclimative responses of the photosystems.
To understand how plastoquinone redox could be interpreted by the plant cell to govern
the size of the light harvesting antenna it was necessary to look further downstream. The STN7
kinase is the likeliest candidate for a mediator of the plastoquinone redox signal, as it is activated
by reduction of the plastoquinone pool and is known to be involved in the Long Term Response
(Bellafiore et al., 2005). Psbs is also activated by reduction of plastoquinone, albeit less directly
through lumen acidification, and is thought to be involved in organizing interactions between
LHC proteins. Null mutants for both of these proteins, as well as the L7 PsbS overexpressor line
and the PPH1 null mutant for the LHC phosphatase, are available for study in Arabidopsis.
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Chlorophyll radiolabeling experiments in the STN7 and PPH1 mutants revealed that LHC
phosphorylation and dephosphorylation, i.e., state transitions, is the molecular mechanism by
which plastoquinone redox signals LHC degradation. Both the STN7 and PPH1 mutants
appeared to be defective in LHC degradation. In the case of the PPH1 mutant, which also
seemed to have reduced incorporation of chlorophyll into thylakoid complexes, this may merely
represent a delay in degradation, rather than an inability to do so. The STN7 kinase is already
known to be necessary for the Long Term Response (Bellafiore et al., 2005). Our results
indicate a continuity between the ability of plants to regulate LHC degradation on a daily basis
with downsizing of the antenna during the LTR. That state transitions should be responsible for
mediating the effects on degradation seen from DCMU treatment makes particular sense, since
state transitions are believed to become saturated at fairly low fluence rates (Rintamaki, 2000).
No light, and therefore no LHC phosphorylation, means no degradation takes place. At the same
time only relatively low light levels are required for the bulk of LHC phosphorylation to take
place, while increasing light levels do little to change the phosphorylation state of the LHC pool
(Tikkanen et al., 2006), and therefore LHC degradation rates, up to a certain point. LHC
degradation therefore seems to be a function of movement of LHC between the photosystems, or
at least dissociation of LHC from PSII. Presumably this would increase the likelihood of
movement out of the granal stacks and exposure to stromal proteases. That the mobile pool of
LHC in particular is involved in degradation also helps to explain the otherwise curious fact that
radiolabel signal is lost simultaneously from the various thylakoid complexes seen on a green
gel.
State transitions also seem to play an important role in determining the rate at which
chlorophyll is incorporated into LHC and subsequently into thylakoid complexes, while PsbS
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acts as a secondary layer of activation on top of LHC phosphorylation. It is unclear from our
data whether PsbS exerts its effects by acting independently of or merely modulating LHC
phosphorylation. The greatest rates of incorporation are experienced when LHC was associated
with PSII and PsbS was activated, e.g., under high light conditions and in the STN7 mutant. It
should also be noted that the STN7 mutant has been shown to have higher levels of PsbS and
greater capacity for NPQ (Tikkanen et al., 2006), to which some of its phenotype may be
attributable. The lowest rates of incorporation occured either when PsbS was not activated, as in
the NPQ4-1 mutant or in low light, or when LHC associated with PSI, which occured most
profoundly in the PPH1 mutant.
The tendency of transition to State 1 to limit integration and favor LHC degradation
suggests a feedback mechanism, whereby expansion of the LHC antenna is self limiting, and
therefore self governing. On the other hand, the fact that higher light levels favored expansion of
the LHC antenna remains puzzling. Clearly these results are not likely to be indicative of the
Long Term Response to high light, as they could not be expected to result in net degradation of
LHC. Indeed, the high light conditions used for our experiments did not result in the
disassembly of the supercomplexes, as was visible after more prolonged exposure to higher
irradiances or feeding excessive amounts of aminolevulinate. Instead, the observed signaling
scheme fits more closely with conditions of chlorophyll synthesis under favorable light
conditions, under which increasing light levels would encourage greater investment in building
photosystems. Under favorable developmental conditions, expansion of the LHC pool may be
the first step in the process of expanding the photosystems. On the other hand, these results may
simply reflect the circumvention of control at the level of aminolevulinate synthesis.
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Mechanistically, these results lend themselves to an interpretation of chlorophyll
integration limited by a conformational state at PSII, which may reflect access for binding of the
chlorophyll and protein synthesis machinery to the thylakoids. This interpretation is supported
by the previous report that the small amounts of POR associated with the thylakoids, rather than
the envelope membrane, are found specifically attached to the appressed granal fractions
(Barthelemy et al., 2000). This may be an indication that LHC insertion into the thylakoids
occurs directly at PSII photocenters. On the other hand, it has also been reported that newly
synthesized LHC can be inserted into the thylakoids in both stacked and unstacked grana
(Kohorn and Yakir, 1990), suggesting the possibility of regulation by differential availability of
insertion sites.
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Figures
Figure 3.1 Chorophyll radiolabeling reveals the integration of chlorophyll into thylakoid
complexes
A
0 1 3 hrs light
_____ ______ ______
Figure 3.1A Feeding of 14C aminolevulinate in the dark synchronizes label incorporation into
thylakoid protein complexes when plants were exposed to light. The progression of radiolabeled
chlorophyll incorporation begins with free pigment and the free LHC pool, continuing
successively to the PSII core plus LHC complex and photosystem supercomplexes. Sample
lanes in this figure were doubled to visualize the range of variability in label incorporation
between plants of different sizes.
B
1 2 hrs
- + - + Amlv
_____________ _____________
Figure 3.1B To demonstrate the enhanced synthesis of LHC proteins as a direct result of
increased chlorophyll availability 35S protein radiolabeling was performed in conjunction with
aminolevulinate feeding. Arabidopsis plantlets were pulsed with 35S cystein/methionine
radiolabeling mixture for 1 or 2 hours after having been incubated in the dark overnight with or
without 1mM unlabeled aminolevulinate. Thylakoid protein complexes were then first separated
on native green gels, after which the free LHC band was excised and run in a second dimension
on standard denaturing SDS-PAGE. Feeding aminolevulinate dramatically increased radiolabel
incorporation into LHC proteins, indicating increased de-novo LHC protein synthesis.
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C
Dark Light
0 1 3 0 1 3 hrs
____________ ____________
Figure 3.1C To determine whether light is necessary for movement of newly-folded LHC into
larger thylakoid protein complexes plants were fed 14C aminolevulinate overnight in the dark and
then given a brief 5 minute exposure to growth light. Plants were then either left in the light or
returned to darkness. Darkness was not found to interfere with incorporation of label into larger
complexes but did diminish the degree of labeling, indicating that POR activity can limit
conversion of aminolevulinate to chlorophyll.
D
Pulse Chase
2 4 6 2 4 6 hrs
_____________ _____________
Figure 3.1D 14C aminolevulinate feeding was performed in the light for 2, 4, or 6 hours (pulse).
Arabidopsis plantlets were also removed from label after 2 hours and allowed to metabolize for
an additional 2, 4, or 6 hours (chase). The pattern of label incorporation was found to be similar
to overnight feeding. Continued 14C aminolevulinate uptake increased the degree of
radiolabeling overall but led to apparent degradation of PSII-LHC and photosystem
supercomplexes after 6 hours of pulsing.
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Figure 3.2 Light intensity affects chlorophyll integration into thylakoid complexes and
thylakoid protein degradation
A
2hrs 4hrs light pulse
50 150 800 50 150 800 E.m-2.s-1
_____________ _____________
Figure 3.2A Incorporation of radiolabeled chlorophyll into thylakoid complexes increased with
increasing light intensity. Arabidopsis plants were fed 14C aminolevulinate under different light
intensities for 2 or 4 hours. At both time points more newly synthesized chlorophyll was
incorporated into thylakoid complexes as light intensity increased. The exception was at
800E.m-2.s-1 after 4 hours of illumination, where a decrease in label intensity is visible,
indicating possible protein degradation.
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B
2hrs 4hrs light pulse
150 800 150 800 E.m-2.s-1
____________ _____________
Figure 3.2B Similarly to Figure 2.2A, increasing light intensity increased incorporation of
labeled chlorophyll into thylakoid complexes. Increased chlorophyll synthesis in response to
increasing light intensity was also evident in the density of the free chlorophyll band.
C
0hrs 2hrs 4hrs light chase
150 800 150 800 150 800 E.m-2.s-1
________ ________ ________
Figure 3.2C Light intensity does not affect the rate of thylakoid complex degradation.
Radiolabeling was performed overnight in the dark in order to visualize degradation upon
exposure to different light intensities. While a decline in label intensity was clearly visible, there
was no difference in degradation rate between normal growth light at 150 E.m-2.s-1
and high light at 800E.m-2.s-1.
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D
pulse dark light
only chase chase
_______ _______ _______
Figure 3.2D Light is necessary for degradation of chlorophyll complexes. Arabidopsis plants
were fed 14C aminolevulinate in the light for 4 hours, after which roots were removed and the
plants were washed in pure water. Plants were then either moved to complete darkness or kept
under continuous growth light for 16 hours overnight. Plants kept in darkness were moved to
light for 1 hour after dark incubation to allow any remaining label to be metabolized in darkness
to complete conversion to chlorophyll. In the absence of light, labeled chlorophyll continued to
accumulate, whereas under continuous illumination chlorophyll protein had been degraded to a
level below that seen immediately after being pulsed with label.
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Figure 3.3 Plastoquinone redox mediates the light signal controlling chlorophyll
incorporation into thylakoid complexes and thylakoid complex degradation.
A
- DCMU +DCMU
2 4 6 2 4 6 hrs
____________ ____________
Figure 3.3A Blocking photosynthetic electron transport with DCMU increased incorporation of
chlorophyll into thylakoid complexes. Arabidopsis plantlets were treated with DCMU before
being fed 14C aminolevulinate under normal growth light. After 4 and 6 hours of pulsing with
radiolabel DCMU treated plants showed increased labeling. The exception to this effect is the 2
hour time point, which showed decreased labeling in treated samples.
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B
2hrs 4hrs 6hrs Pulse
- + - + - + DCMU
________ ________ ________
Figure 3.3B Blocking photosynthetic electron transport with DCMU reduced chlorophyll
incorporation into thyakoid complexes. DCMU treatment in this experiment, which was the
same experiment as in Figure 2.3A, was seen to reduce chlorophyll incorporation into thylakoid
complexes, similar to the 2 hour time point in Figure 2.3A.
C
DBMIB - DCMU
______ _______ _______
Figure 3.3C Blocking re-oxidation of reduced plastoquinone with DBMIB increased
chlorophyll radiolabeling, opposite to DCMU treatment. Arabidopsis plants were treated with
DCMU and DBMIB prior to 14C aminolevulinate feeding under normal growth light for 4 hours.
Lanes are doubled. DBMIB binds to cytochrome b6f, blocking the binding of reduced
plastoquinone and preventing its re-oxidation. This resulted in a completely reduced
plastoquinone pool, as opposed to the completely oxidized plastoquinone pool produced by
DCMU treatment. DBMIB treatment had the opposite effect of DCMU treatment in this
experiment, increasing rather than decreasing chlorophyll radiolabeling. This confirmed that the
effect of DCMU treatment is specific to the plastoquinone redox cycle.
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D
0hrs 2hrs 4hrs Light
- + - + - + DCMU
________ ________ ________
Figure 3.3D DCMU treatment prevented degradation of thylakoid complexes. 14C
aminolevulinate feeding was performed overnight in the dark in order to allow visualization of
thylakoid complex degradation apart from the effects of radiolabel uptake and chlorophyll
synthesis. In untreated samples radiolabel intensity peaked at 2 hours of exposure to light and
after 4 hours label intensity had decreased, indicating degradation of thylakoid complex proteins.
In DCMU treated samples, however, radiolabel incorporation into thylakoid complexes
continued to rise with no apparent degradation.
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Figure 3.4 Plastoquinone redox signaling is mediated by the STN7 kinase and PsbS.
A
Wt NPQ4-1 STN7
Figure 3.4A See caption for Figure 3.4A,B,C below Figure 3.4C
B
WT NPQ4-1 L7
Figure 3.4B See caption for Figure 3.4A,B,C below Figure 3.4C
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C
PPH1 Wt STN7
Figure 3.4A,B,C Lack of PsbS decreased incorporation of radiolabeled chlorophyll into the
thylakoids while lack of the STN7 thylakoid kinase increased label incorporation. Wild type
Arabidopsis plants and Arabidopsis mutants for the PsbS protein (NPQ4-1) and the STN7 kinase
were fed 14C aminolevulinate under normal growth light for 2 hours. Under the same conditions
the NPQ4-1 mutant was also compared to the L7 line overexpressing PsbS (B) and the STN7
kinase mutant was also compared to the PPH1 mutant defective in the phosphatase activity
necessary for LHC dephosphorylation (C). The NPQ4-1 exhibited lower levels of radiolabel
incorporation into chlorophyll and chlorophyll-protein complexes, while incorporation of
radiolabel into chlorophyll and chlorophyll-protein complexes was higher in the STN7 mutant.
The L7 line overexpressing PsbS did not appear significantly different from wild type, while the
PPH1 mutant was slightly increased in labeling, but again not nearly so different from wild type
as the STN7 mutant.
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D
Wt STN7 PPH1
0 2 4 0 2 4 0 2 4 hours
________ _________ _________ light
Figure 3.4D State Transitions are necessary for LHC degradation. To specifically visualized
differences in degradation rates, Arabidopsis wild type, STN7 and PPH1 mutant plants were fed
14C aminolevulinate overnight in the dark before exposure to normal growth light. In wild type
plants label intensity peaked at 2 hours of light exposure and decreased after 4 hours, indicating
degradation of chlorophyll-protein complexes. The STN7 mutant was defective in degradation
compared to wild type, with radiolabel incorporation increasing, rather than decreasing, after 4
hours of illumination. The STN7 mutant also displayed an apparent increase in chlorophyll
synthesis, as seen in the increased label intensity in the free chlorophyll band, despite radiolabel
uptake in the dark. Radiolabeling intensity in the PPH1 mutant was similar to wild type but the
PPH1 mutant also appeared to be defective in degradation, since label intensity again increased
rather than decreased after 4 hours of illumination.
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E
Wt NPQ4-1 L7
0 2 4 0 2 4 0 2 4 hours
_________ ________ ________ light
Figure 3.4E The PsbS protein increases chlorophyll synthesis and incorporation into thylakoid
proteins. Wild type Arabidopsis plants, NPQ4-1 mutant and L7 overexpressor lines were fed 14C
aminolevulinate overnight in the dark to determine whether decreased label incorporation in the
NPQ4-1 mutant was due to decreased chlorophyll synthesis or increased thylakoid complex
degradation. There was a large decrease in radiolabel incorporation into the free chlorophyll
band after overnight aminolevulinate feeding in the NPQ4-1 mutant compared to wild type.
There was no difference in degradation rate apparent between wild type and the NPQ4-1 mutant.
The L7 overexpressor line displayed increased incorporation of label into free chlorophyll and
into thylakoid complexes. Increased degradation was also apparent in the L7 line, so that the
intensity of labeling after 4 hours of illumination was similar to wild type, despite increased
incorporation.
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CHAPTER 4
PSBS DEPENDENT FORMATION OF A LARGE PHOTOCENTER COMPLEX IN
RESPONSE TO CHANGES IN LIGHT INTENSITY
Introduction
To survive in a changing light environment, plants must utilize available solar energy to
their greatest possible advantage. The photosynthetic apparatus must have the flexibility to
utilize light efficiently under low irradiance, while avoiding photodamage under excess
illumination. This must be accomplished as the light environment changes on a diurnal basis as
well as throughout leaf and canopy development. During initial growth leaves must be able to
respond to their light environments to accumulate the proteins of the photocenters and light
harvesting apparatus in the appropriate amounts and in the correct ratios to each other. At the
same time, plants retain the flexibility to change these amounts and ratios, to a finite degree,
when necessary. The gross developmental adaptation of the photosynthetic apparatus to its light
environment is complemented by a suite of dynamic fine controls to cope with the vagaries of
short term fluctuations in lighting conditions. (Horton et al., 2001; Murchie et al., 2005; Long et
al., 2006)
The most important of these short-term photoprotective mechanisms act to prevent or
dissipate excess excitation of photosystem II, avoiding costly damage to the photocenter and
temporary loss of photosynthetic capacity (Aro et al., 1993; Sundby et al., 1993; Kim et al.
1993). This “quenching” of excess excitation energy is accomplished both photochemically, by
charge separation within the photocenter and subsequent quinone reduction, and non-
photochemically, by direct thermal deactivation of excitons in the chlorophyll antennae. Both
73
quenching processes can be monitored by changes in chlorophyll fluorescence as both compete
with fluorescent light emission for PSII excitons (Maxwell and Johnson, 2000; Muller et al.,
2001).
Non-photochemical quenching (NPQ) is generally considered to have three components
that operate through different mechanisms and at different time scales: qE, state transitions, and
photoinhibition (Muller et al., 2001, Horton and Ruban, 2005; de Bianchi et al., 2010). qE is the
fastest, operating on a timescale of seconds to minutes, and is responsible for the dissipation of
excess absorbed light as heat. qE is known to depend on the xanthophyll cycle and PsbS, and is
activated by the transthylakoid ∆pH.  The exact role of PsbS in qE, however, is still unknown 
(Niyogi et al., 2005; Ivanov et al., 2008). State transitions, the movement of the mobile light-
harvesting chlorophyll protein (LHC) between PSII and PSI, operates on a timescale of minutes
to hours and relies on the enzymatic phosphorylation/dephosphorylation and physical migration
of LHC (Kyle et al., 1983; Staehelin and Arntzen, 1983; Iwai et al., 2010). The STN7 kinase
responsible for LHC phosphorylation was recently identified and shown to be associated with the
cytochrome b6f complex (Bellafiore et al., 2005). Its kinase activity is thought to be engaged by
the binding of plastoquinonol to the Qo site of cytochrome b6f (Vener et al., 1997; Lemeille et al.,
2009). While state transitions are considered part of NPQ, they are not thought to play a primary
role in protecting PSII from damage in higher plants, inasmuch as only a relatively small
population of LHC proteins is actually mobilized in response to increasing irradiance (Ruban and
Johnson, 2009). The matter is in turn complicated by the fact that STN7 is actually deactivated
by high light, resulting in dephosphorylation of LHC and association with PSII (Rintamaki et al.,
2000; Aro and Ohad, 2003). State transitions are believed to function primarily to optimally
balance light absorption between PSI and PSII at relatively low irradiances in response to light
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quality (Tikannen et al., 2006). Photoinhibition refers to the inactivation of PSII by damage to
D1, recovery from which involves an intricate repair cycle (Aro et al., 1993). Although the need
to repair D1 represents a failure of other photoprotective mechanisms to prevent photodamage,
some incidence of photooxidative damage to D1 is apparently an unavoidable consequence of
electron transport through PSII (Sundby et al., 1993). The D1 repair cycle is the third
component of NPQ and requires hours. The slow kinetics reflects the the need to move damaged
photocenters to the edges of the granal stacks for disassembly, and for the subsequent synthesis
and reassembly of new proteins into functional photocenters (Baena-Gonzalez et al., 2002;
Rokka et al., 2005).
Recently, numerous lines of evidence have emerged revealing not only a regulatory
interaction among these photoprotective mechanisms, but also the possibility that this
relationship results from the physical interaction among the various components of NPQ in the
thylakoid membranes. The STN7 kinase is now known to be responsible for triggering the Long
Term Response (LTR) (Bellafiore, 2005), which alters photosystem stoichiometry and LHC
antenna size in response to sustained changes in light quality and intensity, as well as state
transitions. This is likely the reason that transcriptional events that ultimately lead to the LTR are
initiated concurrently with state transitions (Rochaix, 2007; Pesaresi et al., 2009; Lemeille and
Rochaix, 2010). Phosphorylation of LHC also controls the extent of granal stacking, which may
play an important role in the D1 repair cycle by altering accessibility of damaged photocenters to
sites of repair at stromal exposed regions (Chow et al., 2005). Meanwhile, it now appears that the
inactivation of STN7 in response to high light may in fact play a functional role in NPQ.
Association of LHC with PSII under high light, rather than exacerbating light absorption at PSII,
may be involved in the formation of a light-quenching conformation of the light harvesting
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antenna. A number of studies now indicate that PsbS, which is strictly associated with PSII, acts
to instigate this quenching conformation (Ivanov et al., 2008; Kiss et al., 2008; Betterle et al.,
2009).
Here we present evidence in favor of a structural rearrangement required for dissipative
de-excitation in the PSII antennae, which is catalyzed by PsbS and modulated by LHC
phosphorylation. We describe a previously uncharacterized large molecular weight complex
appearing on green gels. This complex is composed primarily of PSII photocenters and is
transiently induced by changes in light intensity. The complex is shown to be dependent on
plastoquinone redox and to be absent in the PsbS-lacking Npq4-1 mutant. The STN7 mutant, by
contrast, is not defective in formation of this complex, but instead displays altered kinetics and
increased NPQ. We suggest that the complex represents a PSII quenching conformation due to
the aggregation of PSII photocenters upon PsbS-catalyzed detatchment of the LHC antennae.
Materials and Methods
Plant Material and Growth Conditions
Arabidopsis thaliana ecotype Columbia plants were used for wild type. The PsbS null
mutant NPQ4-1 and PsbS overexpressor line L7 were kindly provided by Dr. Krishna Niyogi.
The STN7 (Salk_073254C ) and PPH1 (SALK_025713C) mutant lines were obtained from
TAIR . Arabidopsis plants were grown on half strength MS medium gellan gum plates
supplemented with 1% sucrose. Each 10 cm plate contained six well spaced, individually
planted seeds. Plants were grown under 200 E.m-2.s-1 supplied by cool white fluorescent lamps
with a 12 hour day/night cycle.
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High Light and Inhibitor Treatment
For high light treatment Arabidopsis plantlets were floated in pure water under high
intensity halogen lighting at the indicated intensity. A small fan was used to circulate air
between the light fixture and the plants to prevent overheating. For inhibitor treatment plants
were floated in 15ml pure water, into which was added 15 L of a 1 M inhibitor stock solution in
ethanol (i.e., 1 mM inhibitor).
Sample Preparation and Green Gel Electrophoresis
Whole plantelets were homogenized in 1ml of buffer TMK containing 50 mM tris pH
7.4, 10 mM MgCl2, 5 mM KCl with a glass dounce homogenizer. The crude homogenate was
then passed through 4 layers of miracloth in the bottom of a syringe and the filtered homogenate
is collected. At this point a 50 L aliquot was taken for chlorophyll concentration measurement.
The aliquot was diluted in 1ml methanol and centrifuged at 16,000G, after which chlorophyll
concentration was measured according to Wellburn (Wellburn, 1994). Samples were then
normalized for chlorophyll content by adjusting sample volume. Thylakoids were then pelleted
by centrifugation at 6,000G for ten minutes and the supernatant discarded. For native green gel
electrophoresis thylakoid samples were dissolved in native loading buffer (NLB), which
consisted of TMK buffer containing 30% glycerol, 1% decyl maltoside and 1% n-octyl glucoside
(Sigma). All samples were spun at 16,000G before loading onto gels. Green gels are prepared
according to the method of Allen and Staehelin (Allen and Staehelin, 1991).
Chlorophyll Fluorescence Imaging
Chlorophyll fluorescence imaging was performed with a Technologica CF Imager using
FluorImager software. False color CF image overlays were constructed automatically by the
software. CF parameter values were calculated as follows: Dark adapted PSII = Fv/Fm =
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Fmo-Fo / Fmo, PSII in the light (OE) = Fm-Ft / Fm, NPQ = Fmo – Fm / Fm, Fmo = dark-
adapted maximal fluorescence, Fm = maximal fluorescence in the light, Fo = dark adapted
minimal fluorescence, and Ft = minimal fluorescence in the light. Arabidopsis plants were
allowed to adapt to complete darkness in the imager cabinet for 15 minutes before taking dark-
adapted PSII measurements
Results
Native Green Gels Revealed Formation of a Photocenter Complex in Response to High Light
Previous reports have demonstrated changes to thylakoid complexes in connection with
the induction of non-photochemical quenching (NPQ) (Betterle et al., 2009). Despite the varied
techniques available for the assessment of photosynthetic parameters like NPQ, there remain
very limited methods for the actual visualization of changes in the dynamic arrangement of
photosystem components within the thylaloid. Native green gel electrophoresis uses mild
detergent solubilization of the thylakoids to retain the intermolecular associations of thylakoid
proteins during electrophoresis. Green gels can provide relatively high resolution of thylakoid
complexes as compared to other available techniques such as sucrose gradient centrifugation,
liquid chromatography, and electron microscopy (Ciambella et al., 2005). The native green gel
system of Allen and Staehelin (Allen and Staehelin, 1991) was therefore used to assess changes
to thylakoid protein complexes in Arabidopsis leaves in response to changing irradiance.
Of particular interest was the appearance of a very large complex (by virtue of its
extremely low mobility on the gel) in response to high light treatment. The complex rested either
on top of the stacking gel or sometimes at the interface between the stacking and resolving gels
(Fig 4.1A). The complex was found to be transient, requiring on the order of one to two hours
78
for maximal induction but decreasing to low or undetectable background levels thereafter (Fig
4.1B). The rate and intensity of this response was also found to depend on the magnitude of the
high light treatment, with higher light levels producing stronger and more prolonged complex
induction (Fig 4.1C).
A similar effect on green gels has been reported by Tang et al. (2007) in response to heat
treatment of spinach leaves, in which case the high molecular weight complex was found to be
an aggregate of LHC. In our experiments complex formation was seen to coincide with the
reduction of the lowest mobility supercomplex band at the top of the resolving gel (Fig 4.1B,
lane 2), indicating that the two complexes probably share at least some components and so are
mutually exclusive. Depending on the intensity of the induction the appearance of the complex
may also result in some loss of intensity of other bands on the gel (Fig 4.1C, lanes 3 and 4). The
major components of the novel complex were determined by excising the band from green gels
and running in a second dimension on a standard SDS-PAGE, followed by western blotting for
marker proteins of the PSI and PSII cores and the LHC antenna. The two major supercomplex
bands and the PSII core + LHC complex band were used as references. Compared to the other
complexes on the gel, the novel complex was found to consist predominantly of PSII cores,
along with some PSI centers and relatively very little LHC (Fig 4.1D), i.e., it appeared to be a
higher-order aggregate of PSII photocenters. We therefore refer to this aggregate as the Large
Photocenter Complex (LPC).
Since the LPC formed transiently in response to changing light intensity, we investigated
whether the LPC responds to the transition from overnight darkness to the onset of normal
growth light. Surprisingly, the LPC was found to be already present after overnight dark
incubation (Fig 4.1E). The onset of daylight briefly produced a small increase in LPC, after
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which it appeared to be rapidly disassembled. Placing Arabidopsis plants back in darkness for up
to four hours did not result in reformation of overnight levels of LPC, but rather a decline in LPC
to undetectable levels (Fig 4.1F). This suggests that overnight LPC formation resulted from a
slow conformational change under darkness. Light intensity was again found to influence the
kinetics of the LPC response, in this case affecting the rate at which the LPC was dismantled
(Fig 4.1G). Under low light levels the initial rise in LPC was protracted and the LPC failed to be
dismantled during the light treatment. When plants were transferred from overnight darkness
directly to high light LPC levels did not increase directly, but instead proceeded first through the
initial loss of LPC seen under normal lighting conditions (Fig 4.1H). The disassembly of LPC at
the onset of daylight therefore appeared to be a necessary aspect of the transition from darkness
to normal photosynthetic activity.
LPC Depends on Signaling Through Electron Transport
The qE component of NPQ, which is dependent on PsbS, is known to be activated by the
formation of the transthylakoid pH (Holt et al., 2004). While the LPC response to high light
could result from a variety of mechanisms, including light signaling through phytochromes or
cryptochromes, we were specifically interested in examining whether photosynthetic electron
transport is involved in LPC formation. To that end the ability of aminolevulinate feeding to
induce the LPC was tested. Aminolevulinate is the first committed intermediate of the
tetrapyrrole synthesis pathway, so that exogenous aminolevulinate increases chlorophyll
production and accumulation of chlorophyll binding proteins, particularly LHC (see Fig 3.1B).
The temporary increase in the size of the light harvesting antenna mimics excess irradiance
without changing light intensity. Feeding aminolevulinate was found to have the same effect as
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high light, although LPC formation was somewhat delayed due to the need for aminolevulinate
to be transported to the leaves, synthesized into chlorophyll and incorporated into the thylakoids
(Fig 4.2A).
The effect of aminolevulinate feeding on overnight LPC formation was also investigated.
In higher plants one of the final steps in chlorophyll synthesis, catalyzed by protochlorophyllide
oxidoreductase, requires light. Feeding Arabidopsis plants aminolevulinate overnight in the dark
creates the effect of a larger than normal pulse of newly synthesized chlorophyll at the onset of
daylight. Figure 4.2B shows that, like light intensity, exogenous aminolevulinate affected the
rate at which the LPC was dismantled at the onset of daylight, with higher aminolevulinate
concentrations leading more rapidly to complete disassembly. This figure also demonstrates the
trade-off that occured between formation of the LPC versus formation of the photosystem
supercomplex band. Increasing concentrations of aminolevulinate lead to higher levels of LPC,
concomitant with a more complete loss of the supercomplex band. Interestingly, at the highest
aminolevulinate concentration the supercomplex was lost completely, having apparently been
degraded, rather than being reformed as the LPC was disassembled.
LPC Formation Depends on Plastoquinone Redox Signaling
The reduction state of the plastoquinone (PQ) pool is known to be an important signal
mediator of photosynthetic electron transport and the PQ cycle is responsible for the formation of
the transthylakoid pH (Pfannschmidt, 2003). To further investigate the possible involvement of
PQ redox in LPC formation electron transport through PSII was blocked by treatment with
DCMU. DCMU binds to the Qb site of D1, preventing the reduction of PQ. DCMU was found
to nearly abolish the high light induction of LPC formation and to drastically diminish
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background levels of LPC in general (Fig 4.2C). The same was found for LPC formation
stimulated by feeding of aminolevulinate in the light (Fig 4.2D). DCMU treatment was also
observed to generally alter the kinetics of LPC formation, with low but still detectable levels of
LPC seeming to fluctuate without following a distinguishable induction pattern. DCMU was
found to diminish overnight LPC formation but not to alter the loss of LPC at the onset of
daylight (Fig 4.2E), suggesting that overnight LPC formation and high-light induced LPC may
be governed by different mechanisms. To confirm that the effects of the DCMU treatment were
specific to abrogation of the PQ cycle the effect of DBMIB on LPC formation was also tested.
DBMIB binds to the Qo site of cytochrome b6f complex and prevents the oxidation plastoquinol.
If the the oxidation state of the PQ pool per se affects LPC formation then DBMIB treatment
would therefore be expected to have the opposite effect to DCMU treatment. If, however, it is
the operation of the PQ cycle, i.e. the acidification of the lumen by proton transport across the
thylakoid membrane, that is necessary for the LPC response then DBMIB should have the same
effect as DCMU. Figure 4.2F shows that the effect of DBMIB on LPC formation in response to
high light was similar to DCMU treatment.
PsbS is Required for LPC Formation
The dramatic effect of both DCMU and DBMIB on the LPC reaction to high light
implicated the PQ cycle as the signal mediating this response. There are currently two known
proteins acting downstream of the PQ redox signal, the STN7 kinase and PsbS, each of which
has a distinctly different sensory mechanism and mode of action. The Stn7 kinase is activated by
docking of reduced plastoquinol at the Qo site of the cytochrome b6f complex, and is responsible
for the phosphorylation of LHC leading to state transitions and the Long Term Response
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(Rochaix, 2007). PsbS is an indispensable factor in the nonphotochemical quenching
component of photoprotection. It is activated by protonation of glutamate residues at low
luminal pH and has an unknown mode of action (Li et al., 2009).
To test whether the effect seen with DCMU treatment may be the result of abrogated
signaling through either of these two proteins, LPC formation was studied in the NPQ4-1 (Li et
al., 2000) and STN7 (Bellafiore et al., 2005) mutants of Arabidopsis (Fig 4.3). The NPQ4-1
mutant was found to have greatly diminished LPC formation in response to both high light (Fig
4.3 A and B) and aminolevulinate feeding (Fig 4.3C). The Stn7 mutant behaved largely like wild
type, though the response was somewhat reduced (Fig 4.3 A and B).
To furthur confirm the involvement of the PsbS protein in LPC formation the
Arabidopsis L7 line overexpressing PsbS (Li et al., 2002) was also tested. LPC formation was
found to be increased in the L7 overexpressor in response to aminolevulinate feeding, though not
dramatically so (Fig 4.3D). LPC formation in response to high light was also altered in the L7
line. Although LPC levels did not appear to be elevated in response to high light compared to
wild type, the LPC was already maximal under normal growth light and proceeded to be
disassembled during the high light treatment (Fig 4.3E).
LPC Formation and NPQ
The dependence of the LPC on the PsbS protein suggests that LPC formation may be
related to NPQ. It seems, however, that NPQ and the LPC response operate with different
kinetics. To test the correlation between NPQ and the LPC, the effect of overnight
aminolevulinate feeding on NPQ was monitored by fluorescence imaging. The LPC undergoes a
rapid shift at the onset of daylight, and this effect is accentuated by aminolevulinate feeding (see
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Fig 4.2B). A direct relationship between NPQ and the LPC should therefore be readily
distinguishable. It was found that aminolevulinate treatment increased induction of NPQ in wild
type plants, but had no effect on the NPQ4-1 mutant (Fig 4.4A). The pattern of NPQ induction
was not found, however, to correlate with LPC formation. NPQ was induced rapidly and
increased steadily with light exposure (data not shown), whereas the LPC typically first increases
upon light exposure and then disappears (see Fig 4.1E).
The presence of the LPC did not appear to correlate with NPQ. Although NPQ is
normally very rapidly inducible (seconds to minutes), it has recently been shown that plants
lacking any PsbS are capable of nearly wild type levels of NPQ, albeit at a much slower response
rate (Johnson and Ruban, 2010). Johnson and Ruban argued that the slowly inducible quenching
in the npq4-1 mutant is identical to normal NPQ in wild type, with PsbS acting merely to speed-
up the process. We have also noted that, while lack of PsbS greatly diminishes the LPC
response to high light, it does not completely abolish it or change its kinetics. We therefore
compared the kinetics of LPC formation with NPQ induction in the NPQ4-1 mutant. LPC
formation was difficult to study reliably in the NPQ4-1 mutant due to low levels of visible LPC.
Nevertheless, the rate of LPC formation in high light was generally found to have kinetics
similar the slow-forming NPQ in the PsbS mutant, reaching a maximum in 1-2 hours and
declining thereafter (4.4B). Notably, NPQ induction in the NPQ4-1 mutant is still a sustained
effect and does not decline after 2 hours of high light treatment, as does LPC formation.
LPC Formation and LHC Phosphorylation
While PsbS appears largely responsible for the degree of LPC formation in response to
high light, the kinetics of the LPC response seem clearly to depend, in part, on other factors.
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LHC phosphorylation is central to the organization of the thylakoid architecture and the balance
of light energy distribution between photosystems (Staehelin and Arntzen, 1983). Therefore,
although state transitions have kinetics much faster than LPC formation, requiring on the order
of minutes rather than hours, the effect of LHC phosphorylation on LPC formation was further
scrutinized. It has recently been discovered that the PPH1 phosphatase is responsible for
dephsophorylating LHC (Shapiguzov et al., 2010). Photosystems in the STN7 and PPH1
mutants are incapable of switching from state 1 to state 2 or from state 2 to state 1, respectively.
This phenotype is readily apparent by fluorescence imaging, which reveals permanently low
PSII in the STN7 mutant and permanently high PSII in the PPH1 mutant, compared to a
dynamic PSII in between the two in wild type (Fig 4.5A). Flourescence imaging further
showed that NPQ is higher in wild type under low light relative to both mutants, but is higher in
the STN7 mutant under high light compared to either wild type or the PPH1 mutant (Fig 4.5B).
The ability to perform state transitions therefore appears to play a role in the degree of NPQ
induction. The kinetics of LPC induction were, moreover, found to be markedly different in the
mutants compared both to the wild type and to one another. Both the STN7 and PPH1 mutant
failed to modulate LPC (Fig 4.5C). In the STN7 mutant the LPC was chronically present, while
the PPH1 mutant started out with an already reduced LPC level. LHC phosphorylation therefore
appears to play an important role in adjusting the kinetics of LPC formation.
Discussion
We have described the finding of a new low titer transient photocenter supercomplex,
which we have called the Large Photocenter Complex (LPC) in reference to its mobility on
native green gels of solubilized thylakoids. Appearance of the LPC is always accompanied by
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the loss of the largest (lowest mobility on native green gels) supercomplex band. By western
blotting the LPC is similar in composition to other supercomplexes but is enriched in PSII, while
also having relatively very little LHC compared to other PSII complexes. We conclude that the
LPC represents a higher order aggregate of PSII photocenters, and is likely part of a continuum
of such aggregated states of photocenter supercomplexes.
The LPC exists to some extent under normal growth conditions but was found to be
highly dependent on changes to the lighting environment, and most notably to be strongly and
transiently induced by high light. Induction of the aggregate by excess irradiance was found to
depend on plastoquinone redox, as determined by DCMU treatment. The severely decreased
LPC response in the NPQ4-1 mutant in turn demonstrated this effect to be mediated by, or at
least require, the PsbS protein. Although lack of PsbS greatly reduced the degree of aggregate
induction by high light, it did not altogether abolish the aggregated state. Despite greatly
decreased aggregate formation the kinetics of the LPC response in Npq4-1 plants were similar to
wild type.
The PsbS protein therefore does not appear to be necessary for the LPC response per se,
but rather intensifies its formation. In this respect the LPC is similar to qE, the pH-dependent
component of NPQ. qE has also been found to be capable of acting independently of PsbS and,
moreover, operates at the same timescale as LPC formation in the absence of PsbS. It has been
suggested that PsbS-independent qE represents a conformational change in the LHC antenna
(Johnson and Ruban, 2009). The role of PsbS is then, according to this model, to catalyze this
conformational change rather than to participate directly in the photoprotective quenching it
produces. Our results suggest that the LPC is likely a manifestation of this conformational
change in the LHC antenna.
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Betterle et al. (2009) have reported on the dissociation from PSII of a complex which
they have named B4C. Dissociation of this complex was shown to be dependent on PsbS and to
be necessary for qE. It was further argued that the dissociation of B4C resulted in the reduction
of distance between PSII photocenters due to detachment of the LHC antenna. Our results
appear to support this interpretation. It seems likely that the aggregation of the PSII photocenters
seen upon detatchment of the LHC antenna, catalyzed by the PsbS-dependent dissociation of the
B4C complex, is the same as the Large Photocenter Complex described in this work.
Kiss et al. (2008) have also described the function of PsbS as mediating the interaction
between PSII photocenters and the LHC antenna (Kiss et al., 2008). In their model PsbS
promotes the association of LHC both with each other and with PSII photocenters, while also
mediating LHC dissociation from PSII upon PsbS protonation. This model is especially
attractive in that it provides a potential role for state transitions in explaining certain aspects of
LPC formation. The appearance of the LPC both as a result of the overnight dark period and in
response to high light is difficult to reconcile. According to the current understanding that the
STN7 kinase becomes inactivated at high light, however, both darkness and high light result in
association of the mobile pool of LHC with PSII. Association of the LHC antenna with PSII
may then, somewhat paradoxically, allow for a greater degree of LHC aggregation and stronger
LPC formation. This scheme is consistent with the notion that the purpose of STN7 inactivation
at high light is to abandon state 2 in favor of fully engaging NPQ.
To test this interpretation, we looked at LPC formation in the STN7 and PPH1 mutants,
which are defective in transition from state 1 to state 2 and from state 2 back to state 1,
respectively. If LPC formation is enhanced by association of LHC with PSII then the STN7
mutant should display a chronic activation or hypersensitive phenotype (i.e., it might be expected
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to form LPC more rapidly or to a greater degree), while the LPC response would be expected to
be depressed in the PPH1 mutant. We found that our results largely conform to these
expectations. The STN7 kinase mutant appears to be defective in disassembly of the LPC,
presumably reflecting the inability of LHC to migrate away from PSII. At the same time, the
PPH1 mutant assumes a resting state chronically low in LPC, ostensibly from accumulation of
LHC at PSI. In general, LPC levels in the PPH1 mutant also tend to be lower than in wild type,
as would be expected if LPC formation is augmented by the re-association of mobile LHC with
PSII. On the other hand, lack of LHC phosphorylation in the STN7 mutant does not prevent the
normal loss of LPC on transition from darkness to light. This is consistent with the results of
DCMU experiments where loss of LPC at the onset of daylight does not seem to depend on
plastoquinone reduction, even though it does respond to differences in light intensity. Loss of
LPC upon exposure to daylight could most easily be understood in terms of LHC
phosphorylation and transition of the photosystems to state 2, but according to our data this does
not seem to be the case. There are therefore likely to be other light-dependent signaling
mechanisms at work.
The exception of transition to daylight notwithstanding, LPC kinetics were strongly
influenced by defects in LHC phosphorylation, clearly indicating a dependence on state
transitions. While defects in LHC phosphorylation and dephosphorylation produce effects on
LPC kinetics that were, more or less, opposite to one another, both mutants are generally
defective in LPC formation. Neither mutant displayed the strong, distinct LPC induction and
disassembly seen in the wild type. We therefore propose that movement of LHC from PSII to
PSI, and then back to PSII again, is necessary for full LPC induction. This is sensible based on
the known sequence of events during high light exposure. The response to high light begins
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while LHC has already achieved maximal phosphorylation, i.e., the thylakoids are in state 2.
High thylakoid pH then rapidly induces NPQ via PsbS protonation, presumably affecting the
conformational state of the LHC antenna at PSII. At the same time, inactivation of STN7 by
redox regulation leads to dephosphorylation of the mobile LHC pool. The re-association of LHC
with PSII at this point produces the full LPC response, and presumably represents a quenched
state distinct from state 1. (Fig 6)
If LPC formation is in fact an aspect of NPQ then what is its function? Although the
LPC is apparently governed by PsbS protonation and LHC phosphorylation, it operates with
much slower kinetics than either of these mechanisms. This suggests one possible purpose for
the LPC might be in moderating the reaction to changing light conditions. The slowly forming
conformational change in the antennae presumably stabilizes a given quenching state, creating a
steady baseline from which further responses are made. Alternatively, an attractive explanation is
provided by Ivanov et al. (2008) who argue for the importance of a quenching mechanism within
PSII photocenters themselves. In this light, the aggregation of PSII centers in the LPC can be
seen as functionally complementary to the aggregation of LHC.
It is still unclear though why the LPC should be formed overnight and why LPC
formation is always transient. Overnight formation could be an anticipatory state, which
prepares the plant to adapt to a new light environment at the start of each diurnal. Likewise, the
transitory nature of the LPC suggests a switch from one state to another, rather than a
stabilization of a state that has been achieved. Exactly what this switch consists of is also
unknown, but might be expected to involve degradation of LHC or photocenter proteins. The
possibility that LPC formation presages dismantling of excess photosystems is supported by the
apparent degradation of photosystem supercomplexes seen in Figure 3.2B. Alternatively, LPC
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formation may be transient because the quenching state itself may be self-limiting, i.e., by
relieving the high degree of plastoquinone reduction that signaled its formation.
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Figures
Figure 4.1 The LPC is a transient photocenter supercomplex formed in response to excess
irradiance and overnight darkness.
A B
0.5hrs 1hr 2hrs high 0hrs 1hr 3hrs high
light light
Figure 4.1A A large supercomplex band formsed on native green gels in response to excess
irradiance. Arabidopsis plants grown at 150 E.m-2.s-1 were exposed to mild irradiance stress by
exposure to 600 E.m-2.s-1 illumination. Thylakoids were then isolated from homogenized leaf
samples and solubilized for native green gel electrophoresis. Exposure to excess light resulted in
the appearance of a thylakoid complex band on the green gel, usually at the top of the stacking
gel but sometimes also at the interface between stacking and resolving gels. Formation of this
band was concomitant with the loss of the highest (i.e., largest) photosystem supercomplex bands
normally found on native green gels, indicating that the complex bands share protein components
and so are mutually exclusive.
Figure 4.1B The novel supercomplex is formed transiently. The supercomplex band formed
after 1-2 hours of exposure to excess irradiance and then disappeared, usually after about 3 hours
of exposure. Loss of the supercomplex band was associated with re-formation of the largest
supercomplex band on the resolving gel.
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Figure 4.1C The degree of novel supercomplex formation is dependent on light intensity.
Arabidopsis plants exposed to mild to moderately increased irradiance (2X and 4X growth
levels, respectively) displayed increasing formation of the novel complex concomitant with
greater loss of photosystem supercomplexes.
Figure 4.1D The novel supercomplex band is primarily composed of photosystem II
photocenters. To determine the composition of the novel complex bands were excised from
green gels and boiled in denaturing Laemmli buffer in preparation for running in the second
dimension on SDS-PAGE. Thylakoid complex proteins separated by SDS-PAGE were
transferred to PVDF membranes and subjected to serial western blotting with antibodies specific
for proteins of the PSI and PSII photocenters and the major light harvesting antenna protein
(PsaAB, D1, and LhcbII, respectively). The novel complex band is shown, in proportion to the
other complexes, to be composed primarily of PSII photocenters with relatively little PSI
(compared to other photosystem supercomplexes) or LHC (compared to the PSII/LHC complex).
The novel complex was therefore been dubbed the Large Photocenter Complex (LPC). The green
gel lane in this figure is shown for reference only.
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Figure 4.1E The LPC forms during overnight darkness. Arabidopsis plants were kept in
complete darkness for the duration of the normal diurnal night period. Samples were taken
beginning immediately upon exposure to normal growth light. The LPC was found to be present
during the overnight dark period and to increase slightly upon exposure to growth light, but to be
largely dismantled shortly thereafter.
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Figure 4.1F The LPC does not form in response to dark incubation after onset of daylight.
Since the LPC formed during the overnight dark period, Arabidopsis plants were returned to
complete darkness after 3 hours of exposure to normal growth light to see if the LPC was re-
formed in response to darkness. LPC formation was found to decrease during dark incubation.
No increase in LPC was visible after 4 hours of dark incubation, indicating that LPC forms in
response to the diurnal night period, rather than merely in response to temporary darkness.
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____________________________ ___________________________
Figure 4.1G LPC kinetics in response to onset of daylight depend on light intensity. Exposure
to growth light after overnight darkness produced a slight increase in LPC levels followed by a
decrease to low background LPC levels during the light period. In Arabidopsis plants exposed to
low light levels (1/10 growth light) rather than normal growth light the initial rise in LPC was
prolonged, indicating that this response was light intensity dependent.
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Figure 4.1H Exposure to high light does not result in an immediate increase in LPC formation
after overnight darkness. Arabidopsis plants were transferred from overnight darkness directly
to a 600 E.m-2.s-1 high light treatment at the onset of the diurnal light period. Rather than
producing a direct rise in LPC levels, as occured when the LPC is at low background levels
during the day, the LPC was first dismantled as normally occured at the onset of daylight. The
process of dismantling the LPC at the onset of daylight was therefore a necessary step before
further responses to light conditions could be made.
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Figure 4.2 The plastoquinone redox cycle mediates LPC formation in response to changes
in light intensity
A B
0mM 0.5mM 1mM Amlv
0hrs 1hr 3hrs amlv 0 1 0 1 0 1 hrs
fed _________ _________ _________ light
Figure 4.2A Forced chlorophyll synthesis by exogenous application of aminolevulinate induces
LPC formation. Arabidopsis plantlets were removed from gellan gum plates with their roots
intact and washed in pure water. Plants were transferred to plates containing 1 mM
aminolevulinate in pure water under normal growth light.
Figure 4.2B Aminolevulinate feeding enhances overnight LPC formation. Arabidopsis plantlets
grown on gellan gum plates were transferred to plates containing various concentrations of
aminolevulinate in pure water for overnight incubation. Samples taken immediately at the onset
of daylight (time 0) displayed enhanced LPC formation concomitant with more pronounced loss
of photosystem supercomplex bands. Samples taken after exposure to normal growth light for 1
hour showed a more rapid dismantling of the LPC with increasing aminolevulinate
concentrations. At the highest aminolevulinate concentration supercomplex bands were not re-
formed as the LPC was dismantled but instead appear to have been degraded.
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Figure 4.2C DCMU inhibits LPC response to high light. DCMU binds to the plastoquinone
binding site of the D1 protein of PSII and prevents reduction of plastoquinone. Arabidopsis
plants were treated with DCMU by floating in 15 ml pure water to which had been added 15L
of a 1 M stock solution of DCMU. Plants were then exposed to 600 E illumination for the
indicated time. LPC formation in response to high light did not occur in plants treated with
DCMU, indicating that photosynthetic electron transport to plastoquinone was necessary for the
LPC response to high light.
Figure 4.2D DCMU inhibits the LPC response to forced chlorophyll synthesis by exogenous
aminolevulinate application. Arabidopsis plants were floated on plates in pure water containing
1 mM DCMU and 1mM aminolevulinate under normal growth light. No LPC formation
occurred in aminolevulinate-fed plants treated with DCMU, indicating that plastoquinone
reduction is necessary for the LPC response to excess chlorophyll synthesis.
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Figure 4.2E DCMU treatment diminishes but does not abolish overnight LPC formation.
Arabidopsis plants were treated in the dark overnight with DCMU and then exposed to normal
growth light for the indicated time. While DCMU treatment greatly diminished the degree of
overnight LPC formation it did not altogether abolish it. DCMU treatment also notably did not
appear to interfere with the normal kinetic pattern of the LPC response to the onset of daylight,
indicating that this process was not entirely dependent on photosynthetic electron transport.
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Figure 4.2F Inhibition of the plastoquinone redox cycle with DBMIB, like DCMU treatment,
also prevents LPC formation. To rule out non-specific effects of DCMU treatment, LPC
formation in response to high light was also tested with DBMIB. DBMIB inhibits the
plastoquinone redox cycle by binding to cytochrome b6f complex and preventing re-oxidation of
reduced plastoquinone. Like DCMU treatment, DBMIB inhibits the formation of the LPC,
indicating that it is the operation of the plastoquinone redox cycle which is specifically necessary
for the LPC response.
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Figure 4.3 The PsbS protein is necessary for LPC formation
A
Wt NPQ4-1 STN7
0hrs 1hr 3hrs 0hrs 1hr 3hrs 0hrs 1hr 3hrs high
__________________ __________________ _________________ light
Figure 4.3A The NPQ4-1 mutant is defective in LPC formation. PsbS and the STN7 thylakoid
kinase are activated by the PQ redox cycle. The NPQ4-1 null mutant for the PsbS protein and
the STN7 kinase null mutant were tested for the LPC response to high light. While the STN7
mutant did not have an obvious defect in LPC formation, the NPQ4-1 mutant was incapable of
the LPC response to high light.
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Figure 4.3B LPC formation is greatly diminished in the NPQ4-1 mutant. To further
characterize the NPQ4-1 defect in LPC formation, the NPQ4-1 mutant alone was again
compared to wild type over a longer time course of high light exposure. The LPC response to
high light was found although greatly reduced in the mutant, was still detectable and with normal
kinetics
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Figure 4.3C LPC formation in response to forced chlorophyll synthesis is defective the NPQ4-1
mutant. Wild type and NPQ4-1 mutant Arabidopsis plants were placed on plates containing
1mM aminolevulinate in pure water under normal growth light. While LPC was strongly
induced in wild type by this treatment whereas no LPC was detectable in the NPQ4-1 mutant.
Figure 4.3D LPC formation is increased in the L7 overexpressor in response to forced
chlorophyll synthesis. The L7 Arabidopsis line constitutively overexpresses the PsbS protein.
L7, NPQ4-1, and wild type Arabidopsis plants were fed aminolevulinate for 2 hours under
normal growth light. The L7 overexpressor displayed slightly increased LPC formation
compared to wild type.
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Figure 4.3E Kinetics of LPC formation are altered in the L7 PsbS overexpressor. Wild type
and L7 Arabidopsis plants were subjected to irradiance stress by exposure to 600 E.m-2.s-1
illumination. Wild type plants displayed the expected rise and fall in LPC levels. In the L7 line
the LPC was already present before high light treatment and, rather than increasing, proceeded to
be dismantled upon exposure to excess irradiance.
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Figure 4.4 Correlation of LPC with non-photochemical quenching (NPQ).
A
Wt NPQ4-1 STN7
Figure 4.4A Forced chlorophyll synthesis increases NPQ. Wild type, NPQ4-1, and STN7
mutant Arabidopsis plants were placed on plates containing 1 mM aminolevulinate in water
overnight in complete darkness. Plants were then subjected to chlorophyll fluorescence imaging
(Technologica CF imager) at normal growth light intensity (200 E). The false color image
depicts the qE component of NPQ, with green representing the lowest values and orange
representing the highest. Aminolevulinate feeding can be seen to increase NPQ in wild type and
the STN7 mutant, but not the NPQ4-1 mutant.
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Figure 4.4B The kinetics of NPQ and LPC formation are more closely correlated in the NPQ4-1
mutant. NPQ4-1 mutant plants were subjected to high light treatement (600 E.m-2.s-1) during
chlorophyll fluorescence imaging. Samples were also taken for visualization of LPC formation
by green gel electrophoresis. False color images of Arabidopsis rosettes depict the qE
component of NPQ, with green representing the lowest values and orange representing the
highest. Induction of NPQ in the NPQ4-1 mutant can be seen to operate at a much slower time
scale than was normally seen in wild type, requiring approximately 3 hours to reach maximal
values under these conditions. LPC formation can be seen to be induced with similar kinetics to
NPQ. It is, nevertheless, also visible that the LPC was a transient phenomenon which declined
after 3 hours of treatment, whereas NPQ leveled off after reaching maximal induction.
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Figure 4.5 LPC formation and NPQ are affected by the operation of State Transitons
A B
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Figure 4.5A The STN7 and PPH1 mutants are phenotypically distinguishable by chlorophyll
fluorescence imaging. Wt, STN7, and PPH1 Arabidopsis plants were imaged under normal
growth light. The false color image depicts PSII in the light, with green representing the
lowest values and orange representing the highest values. PSII is a measure of efficiency of
electron transport through photosystem II and PSII in the light is also referred to as Operational
Efficiency (OE). The STN7 mutant can be seen to have low OE due to its inability to move LHC
away from PSII, resulting in an oversized light harvesting antenna and therefore inefficient use
of absorbed quanta. Conversely, the PPH1 had very high OE due to an undersized light
harvesting antenna with respect to PSII centers. OE of wild type plants is generally in between
these two extremes and varies dynamically with fluctuating light conditions.
Figure 4.5B State transitions modulate induction of NPQ. Induction of NPQ was measured in
wild type, STN7, and PPH1 Arabidopsis plants by fluorescence imaging. Plants were acclimated
to darkness for ten minutes, followed by exposure to growth light (200 E.m-2.s-1) for 30 minutes
and then high light (600 E.m-2.s-1) for an additional 30 minutes. Data points were taken as
average values over the image area for a given plant. Data points are representative. Both
mutants exhibited decreased NPQ compared to wild type at growth irradiance and increased
NPQ compared to wild type under high light. The STN7 mutant exhibited a far more dramatic
increase in NPQ compared to wild type in response to high light.
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Figure 4.5C State transitions modulate kinetics of LPC induction and disassembly. Wild type,
STN7 and PPH1 Arabidopsis plants were subjected to high light treatment under 600 E.m-2.s-1
illumination. In this experiment the LPC was already present in the wild type before the start of
the high light treatment, because the experiment was begun early during the light period and
disassembly of the LPC after the overnight dark period had not yet been completed. In the wild
type, high light exposure caused disassembly and then re-unduction of LPC at 1 and 3 hours,
respectively, as has been described in Figure 3.1H. The STN7 mutant appeared incapable of
disassembling the LPC in response to high light. The PPH1 mutant, in contrast, progressed more
rapidly than wild type to disassemble the LPC before high light treatment, but otherwise
appeared to be capable of normal LPC induction.
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Concluding Remarks
This work was undertaken with the fairly ambitious goal of elucidating the mechanisms
regulating the ligh-harvesting antenna, and further integrating our understanding of that
mechanism with other photo-acclimative processes operating at different time scales. As with all
ambitions, one runs the risk of distorting the results to meet one’s expectations. The research
presented here appears, nevertheless, to have been reasonably successful in fulfilling those
expectations. While LHC protein accumulation has long been suspected to be dependent on
chlorophyll availability, we have directly and convincingly shown that this is true. The
availability of chlorophyll to LHC was further demonstrated to be of regulatory significance,
inasmuch as it is subject to adjustment by light intensity. In agreement with a growing body of
work implicating plastoquinone redox, and subsequent signaling through the STN7 kinase, in
determining the size of the light-harvesting antenna, this work has shown that it is the process of
state transitions in particular which, at least in part, controls LHC incorporation into the
thylakoids. Surprisingly, the PsbS protein, and therefore NPQ, was also found to have a strong
influence on LHC incorporation. Plastoquinone redox and state transitions were also found,
however, to be indispensable to LHC turnover. It seems further likely that it is LHC
degradation, rather than the rate of LHC incorporation, which sets the proper size of the light
harvesting antenna.
It should also be noted that the processes of LHC incorporation and degradation appear
to be capable of modulation on a daily, continuing basis. The chlorophyll synthesis pathway is
also always functional and some chlorophyll synthesis is thought to occur on a daily basis. The
implication is then that the photosynthetic apparatus is in a perpetual state of growth, the degree
of which is likely set by gross developmental and nutritional factors. The autoregulatory nature
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of state transitions is then relied upon to fine tune the photosystems to the prevailing lighting
environment. Such continual turnover, while still potentially problematic in terms of capacity
for chlorophyll degradation, also has implications for the Long Term Response. Degradation of
LHC in response to permanently altered lighting conditions has been thought to require days in
order to allow for the induction of specific proteases. Although this may be true, it is also clear
that the thylakoids are normally capable of LHC degradation, and therefore potentially of
downsizing the light harvesting antenna. A closer physiological scrutiny of the STN7 mutant
phenotype may be especially useful in this regard.
Together, the influence of both state transitions and PsbS on chlorophyll synthesis and
LHC turnover suggest the importance of the aggregation status of PSII. This conclusion is
strengthened by the discovery of an aggregated state of PSII centers (LPC) requiring PsbS and
modulated by State Transitions. Presumably, while functioning in producing an energetically
quenched state, this conformation is also responsible for mediating access to thylakoid binding
sites for the chlorophyll and protein synthesis machinery. It is expected that this area could be
further illuminated by chlorophyll radiolabeling to parse out, both spatially and temporally, the
steps by which chlorophyll and LHC protein are inserted into the thylakoids.
